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4. 


* 


Introduction 

To  date  there  has  been  no  systematic  search  for  genes  controlling  mammary  development  and 
carcinogenesis,  and  this  project  seeks  to  undertake  the  first  such  search  by  participation  in  the  large  scale 
recessive  ENU  mutagenesis  project  currently  being  conducted  by  Prof.  Chris  Goodnow,  at  the  John  Curtin 
School,  Australian  National  University  (ANU). 

Functional  characterisation  of  genetic  loci  is  urgently  required  if  the  imminent  completion  of  the  mouse 
genome  is  to  be  of  immediate  benefit.  This  requirement  is  being  met  in  a  number  of  ways,  including  seven 
large  scale  ENU  mutagenesis  projects  under  way  worldwide.  Of  these,  just  three  are  undertaking  genome  wide 
recessive  screens.  Recessive  mutations,  requiring  the  loss  of  function  of  two  alleles,  provide  far  greater  insight 
into  the  genetic  control  of  normal  development  and  carcinogenesis  than  dominant,  gain-of-function  mutations, 
but  require  more  complex  breeding  of  pedigrees.  This  has  been  achieved  at  the  ANU,  where  the  established 
program  of  ENU  mutagenesis  has  recently  received  significant  financial  support  from  the  Australian  Federal 
Government  ($A1 1 .5  million  Major  National  Research  Facilities  Grant)  and  The  Australian  National 
University  ($A8  million)  for  the  construction  of  expanded  animal  handling  facilities.  Many  granting  bodies  are 
supporting  the  use  of  this  facility  in  addition  to  the  CDMRP.  For  example  the  National  Institutes  of  Health 
USA  recently  awarded  Prof  Goodnow  a  $US  5  million  ROl  entitled  “Genes  for  Tolerance  and  Immunity. 
Using  an  inbreeding  scheme,  ENU  mutagenised  mouse  pedigrees  are  produced  so  that  on  average  each 
pedigree  carries  100  defective  genes,  every  animal  carries  12  homozygous  functional  mutations,  and  3  animals 
per  pedigree  will  carry  null  mutations  for  the  same  gene.  This  is  being  undertaken  using  both  wild  type 
backgrounds  and  sensitising  mono-  and  bi-transgeneic  backgrounds.  To  date  20  phenotypes  have  had  the 
causative  mutations  successfully  mapped. 

We  adopted  this  technology  early  in  its  evolution  at  the  ANU  and  screened  the  pedigrees  that  were 
produced  by  the  first  round  of  mutagenesis.  Screening  was  undertaken  using  whole  mount  histology  of  the  4th 
inguinal  mammary  gland.  Approximately  1100  mice  were  analysed,  and  a  number  of  abnormalities  and  tumors 
were  identified.  From  these  6  pedigrees  were  selected  for  propagation.  Male  siblings  of  affected  females  from 
these  6  selected  pedigrees  were  used  to  recreate  the  pedigrees  using  the  same  3  generation  inbreeding  scheme. 
Members  of  these  pedigrees  were  tested  by  mammary  biopsy  to  identify  affected  individuals  that  could  then  be 
used  to  establish  stable  breeding  lines  and  begin  the  mapping  crosses. 
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Work  during  the  first  12  months  of  this  award  covered  Task  1  in  the  Statement  of  Work. 


Taskla.  We  chose  6  pedigrees  to  pursue,  based  on  the  nature  of  the  defect  and  available  resources.  The 
details  of  each  are  shown  in  Figure  1.  These  pedigrees  all  show  increased  ductal  side  branching  in  addition  to  a 
second  lesion,  mostly  multiple  invasive  lesions  or  ductal  carcinoma  in  situ.  When  we  examined  the  remaining 
glands  from  an  affected  animal  we  generally  observed  the  same  phenotype,  arguing  against  a  chance 
occurrence. 

Task  lb-e  Regeneration  and  aging  of  selected  pedigrees  with  mammary  tumors  from  genetic  back-ups  to 
confirm  the  genetic  basis  of  the  observed  defects.  This  was  successfully  undertaken  for  the  6  chosen  pedigrees. 
The  brothers  of  the  females  used  in  the  first  screen  were  used  to  recreate  each  pedigree.  Multiple  males  were 
used  given  the  1  in  2  chance  that  they  carried  the  mutation.  Each  pedigree  was  recreated  using  a  3  genereation 
inbreeding  scheme.  Multiple  brothers  were  mated  to  wild  type  females  and  the  female  progeny  were  mated 
with  their  fathers.  The  female  progeny  of  father  daughter  matings  were  then  aged  for  screening.  Approximately 
30  females  per  pedigree  were  tested  by  mammary  biopsy. 

Biopsy  testing. 

The  essential  difficulty  here  was  that  tumors  may  not  develop  until  after  the  animal  has  passed  its  useful 
breeding  age.  To  address  this  problem  we  relied  on  the  association  between  tumors  and  increased  ductal  side 
branching  (Figure  2),  reasoning  that  if  this  is  a  precursor  lesion  then  it  will  be  apparent  at  an  earlier  age.  We 
have  also  examined  the  glands  very  carefully  as  tumors  may  be  very  small.  We  chose  to  examine  the  1 80 
animals  from  the  six  pedigrees  at  either  5  months  of  age  and  at  8  months  of  age  using  mammary  biopsy. 
Examples  of  the  results  are  shown  in  Figure  3  and  the  results  are  summarized  in  Figure  4.  In  three  of  the  six 
pedigrees  we  identified  single  small  tumors  where  large  multiple  tumors  were  seen  in  the  original  pedigree. 
These  animals  were  selected  for  further  breeding,  but  their  progeny  failed  to  reproduce  the  large  tumors  seen  in 
the  original  screen.  It  is  apparent  from  these  results  that  we  failed  to  regenerate  the  original  tumor  phenotypes 
in  any  of  the  6  pedigrees  chosen  for  propagation. 

Task  3  and  Task  4.  These  tasks  were  not  undertaken  because  of  our  failure  to  reproduce  the  original  tumor 
phenotypes  in  the  6  pedigrees  that  we  regenerated. 

We  believe  that  our  failure  to  reproduce  the  tumor  phenotypes  detected  in  the  original  screen  was  due  to  the 
multiple  mutations  required  for  tumor  formation.  In  the  original  screen  the  ENU  provided  a  sensitizing 

mutation,  and  the  environment  the  subsequent  mutations  required  for  tumorigenesis.  By  definition  these 
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subsequent  hits  occurred  within  a  short  time  frame  to  allow  the  detection  of  tumors  at  8  months.  When  we 
attempted  to  recapitulate  these  pedigrees  we  believe  that  although  the  ENU  mutation  was  present,  the  other  hits 
did  not  occur  within  the  time  frame  allowed  by  the  necessity  to  breed  from  affected  animals. 

We  had  expected  that  a  single  mutation  provided  by  ENU  would  provide  sufficient  sensitization  to  tumor 
formation  for  success,  but  the  experiment  has  shown  us  otherwise.  This  failure  has  led  us  to  redesign  our 
methodology  to  include  a  sensitizing  event  in  the  background,  allowing  ENU  to  provide  a  second  hit.  Due  to 
our  failure  to  recapitulate  the  original  phenotypes  we  cannot  proceed  with  the  research  contract  as  initially 
approved.  We  therefore  request  a  modification  of  the  research  project  and  statement  of  work  as  detailed  below. 

Request  for  a  modification  to  the  Research  Plan  and  Statement  of  Work 

Our  failure  to  regenerate  the  six  selected  pedigrees  requires  us  to  revise  our  research  plan  and  its 
statement  of  work.  We  believe  that  introduction  of  a  transgenic  oncogene  into  the  background  will  enable  ENU 
to  provide  a  second  hit  in  the  carcinogenic  process.  We  believe,  based  on  the  proven  enhancement  of 
carcinogenesis  by  combined  oncogenes  (such  as  myc  and  ras),  that  this  approach  will  allow  us  to  regenerate 
pedigrees  with  enhanced  tumorigenesis  due  to  the  ENU-induced  loss  of  tumor  suppressor  gene  function. 

We  investigated  the  constitutively  active  C3-SV40T  transgenic  model  as  a  prototype  transgenic  model. 
The  issue  with  such  models  was  whether  the  pregnancy-induced  decrease  in  tumor  latency,  which  is  seen  in 
most  mammary  specific  transgenic  models  due  to  the  sensitivity  of  the  MMTV  promoter  to  pregnancy 
hormones,  would  hamper  successful  breeding  of  our  pedigrees.  We  examined  58  breeding  pairs  held  at  the 
Garvan  Institute.  Twelve  (21%)  females  were  unable  to  wean  pups  due  to  tumor  burden  following  the  first 
pregnancy.  Of  the  36  animals  examined  following  a  second  pregnancy,  27  (75%)  were  unable  to  wean  pups. 
Ethical  considerations,  of  <1 0%  tumor  burden,  generally  precluded  a  third  mating.  This  investigation 
demonstratred  that  constitutive  transgene  expression  would  greatly  hamper  the  breeding  of  pedigrees  and  the 
mapping  crosses,  especially  as  we  would  expect  tumor  latency  to  decrease  in  the  context  of  an  ENU-induced 
loss  of  a  tumor  suppressor  gene. 

An  inducible  transgene  system  is  required.  Such  a  system  has  recently  been  constructed  in  the 
laboratory  of  Dr  Lewis  Chodosh.  It  utilizes  the  MMTV  promoter  to  drive  the  expression  of  the  reverse 
tetracycline-dependent  transactivator,  resulting  in  mammary  specific  expression  of  the  tet-operator  controlled 
transgene  in  response  to  treatment  with  tetracyclin.  This  model  is  insensitive  to  the  hormonal  state  of  the  animal 
and  shows  no  tumorigenic  activity  in  the  absence  of  doxycycline  (see  appendix  paper  1).  We  know  from  our 
experience  to  date  that  a  single  ENU-induced  mutation  does  not  hamper  the  breeding  of  pedigrees,  and  so  use 
of  this  system,  where  transgene  activity  is  induced  for  screening,  but  remains  off  for  animal  propagation,  offers 
us  the  best  method  of  achieving  our  aims. 

The  transgene  of  choice  would  induce  tumors  with  a  latency  of  six  months  or  more,  allowing  us  to  find 
animals  harboring  homozygous  ENU  induced  mutations  due  to  significantly  decreased  latency.  The  transgene 
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should  also  have  direct  relevance  to  human  breast  cancer.  Ideally,  many  of  the  tumors  would  regress  once 
transgene  expression  was  turned  off.  All  these  criteria  are  met  by  the  tet-operator-myc  transgene  model 
developed  by  the  laboratory  of  Dr  Lewis  Chodosh  (see  appendix  paper  2). 

Thus  we  propose  a  modified  Statement  of  Work  that  includes  the  use  of  this  bi-transgeneic  animal.  We 
have  established  a  collaboration  with  Dr  Lewis  Chodosh  to  make  these  animals  available  to  us.  The  importation 
and  establishment  of  the  line  will  reduce  the  amount  we  can  achieve  in  the  remaining  2  year  time  frame.  We 
therefore  request  a  1  year  no  cost  extension  to  allow  us  to  complete  much  of  what  we  have  originally  proposed 
with  the  new  mouse  model  in  the  next  3  years. 

Proposed  Revision  of  the  Statement  of  Work 

2003-2005 

Task  1. 

Months  1  to  9. 

1.  Establish  Tet-myc  bitransgenic  mice  at  ANU  by  rederivation. 

2.  Establish  genotyping  PCRs  and  test. 

Task  2.  Establish  and  screen  200  inbred  pedigrees 
Months  9  to  18. 

a.  Mate  homozygous  FVB  Tet-myc  bitransgenic  females  with  200  C57B16  ENU  mutagenised  males  to 
establish  200  pedigrees.  Keep  G1  males.  Simultaneously  mate  20  unmutagenised  males  to  establish  20 
control  pedigrees. 

b.  Mate  G1  males  to  homozygous  Tet-myc  bitransgenic  females  to  produce  G2  offspring. 

c.  Mate  G2  females  with  their  fathers  to  produce  25  G3  females  per  ENU  or  control  pedigree. 

d.  Induce  transgene  expression  at  9  weeks  of  age  with  doxycycline.  Monitor  G3  females  for  mammary 
tumors  by  palpitation  every  10  days.  Select  females  with  tumors  from  the  ENU  group  which  become 
palpable  before  tumors  are  seen  in  the  control  group. 

Task  3.  Establish  pedigrees  from  selected  females. 

Months  12-24 

a.  Stop  doxycycline  treatment  and  mate  tumor  bearing  female  with  father,  or  brother  if  father  fails  to  breed. 
Test  progeny  for  accelerated  tumorigenesis  and  breed  pedigree  to  homozygosity.  Examine  tumor 
phenotype  to  prioritize  pedigrees  for  mapping. 

Task  4.  Map  mutations 
Months  24-36. 

a.  Mate  homozygous  females  to  male  FVB  to  produce  F2 

b.  Phenotype  F2  and  collect  DNA  into  affected  (20  animals)  and  unaffected  (20+  animals)  pools. 

c.  Genotype  using  100  micro  satellite  markers  polymorphic  between  FVB  and  C57B16  chosen  throughout 
the  genome. 

d.  Identify  locus  and  regenotype  using  100  locus  specific  polymorphic  markers, 

e.  Continue  intercross/backcross  if  no  informative  recombinations  are  found. 

f.  Identify  candidate  genes  at  a  sub  1  cM  locus  from  the  mouse  genome  map.  Exclude  those  not  expressed 
in  the  mammary  gland.  Begin  sequencing  of  remaining  candidates  to  identify  ENU-induced  mutation. 


We  are  confident  that  this  approach  will  overcome  the  unforeseen  problems  encountered  during  our  first 
attempt  to  adapt  this  new  and  powerful  technology  to  cancer  research,  and  will  identify  new  tumor  suppressor 
genes  active  in  the  mammary  gland. 
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Key  research  accomplishments 


•  Recreation  of  six  pedigrees  from  male  siblings  of  females  screened  in  the  first  round  using  an  inbreeding 
scheme. 

•  Biopsy  screening  of  these  animals  at  5  and  8  months  of  age,  with  the  identification  of  females  showing 
increased  ductal  side  branching  and  in  one  case  a  tumor.  Breeding  of  these  animals  in  an  attempt  to  establish 
stable  breeding  lines. 

•  Investigation  of  alternative  approaches  to  overcome  the  problems  encountered  during  the  first  experiment,  and 
the  identification  of  a  suitable  transgenic  system  to  pursue  our  objectives. 

•  Modification  of  our  research  strategy  to  overcome  the  problems  encountered. 

Reportable  outcomes 

No  reportable  outcomes 

Conclusions 

So  What? 

If  we  are  successful  we  will  discover  new  tumor  suppressor  genes  that  are  active  in  the  mammary  gland.  This 
will  have  direct  relevance  to  breast  cancer,  providing  potential  markers  of  prognosis  and  new  targets  for 
therapy. 

Appendices 

Figures  1-3 

Paper  1 .  Gunther  et  al.  FASEB  J  16:283-292  2002 
Paper  2.  D’Cruz  et  al.  Nature  Medicine  7:235-239  2001 
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edigree  70 


Figure  2,  Association  of  phenotypes  found  in  the  first  screen 


Phenotype  frequency 

Number  of  pedigrees  with  individual(s)  displaying  defects. 


Associated  phenotypes 

Number  of  glands  with  multiple  phenotypes. 


Ormandy  DAMD  17-01-1-0241  ENUMutag< 


Ormandy  DAMD  17-01-1-0; 


Figure  4.  Summary  of  results  from  regeneration  of  pedigrees. 
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A  novel  doxycycline-inducible  system  for  the  transgenic 
analysis  of  mammary  gland  biology 

EDWARD  J.  GUNTHER, *’*  GEORGE  K.  BELKA,*  GERALD  B,  W.  WERTHEIM,* 

JAMES  WANG,*  JENNIFER  L.  HARTMAN,*  ROBERT  B,  BOXER,*  AND 
LEWIS  A,  CHODOSH**1 

•Department  of  Cancer  Biology,  ^Division  of  Hematology-Oncology,  and  ^Division  of  Endocrinology, 
Diabetes  and  Metabolism,  University  of  Pennsylvania  School  of  Medicine,  Philadelphia,  Pennsylvania 
19104-6160,  USA 


ABSTRACT  Normal  developmental  events  such  as 
puberty,  pregnancy,  and  parity  influence  the  suscepti¬ 
bility  of  the  mammary  gland  to  tumorigenesis  in  both 
humans  and  rodent  model  systems.  Unfortunately, 
constitutive  transgenic  mouse  models  that  rely  on  mam¬ 
mary-specific  promoters  to  control  transgene  expres¬ 
sion  have  limited  utility  for  studying  the  effect  of 
developmental  events  on  breast  cancer  risk  since  the 
hormonal  signals  governing  these  events  also  markedly 
influence  transgene  expression  levels.  A  novel  trans¬ 
genic  mouse  system  is  described  that  uses  the  MMTV- 
LTR  to  drive  expression  of  the  reverse  tetracycline- 
dependent  transactivator  rtTA.  Transgenic  mice 
expressing  rtTA  in  the  mammary  epithelium  were 
crossed  with  reporter  lines  bearing  tet  operator-con¬ 
trolled  transgenes.  We  tested  the  ability  to  spatially, 
temporally,  and  quantitatively  control  reporter  gene 
expression  after  administration  of  doxycycline  to  bi- 
transgenic  mice.  Transgene  expression  using  this  sys¬ 
tem  can  be  rapidly  induced  and  deinduced,  is  highly 
mammary  specific,  can  be  reproducibly  titrated  over  a 
wide  range  of  expression  levels,  and  is  essentially 
undetectable  in  the  uninduced  state.  Homogeneous 
transgene  expression  throughout  the  mammary  epithe¬ 
lium  can  be  achieved.  This  system  permits  transgene 
expression  to  be  restricted  to  any  desired  stage  of 
postnatal  mammary  gland  development.  We  have  devel¬ 
oped  a  mammary-specific,  doxycycline-inducible  trans¬ 
genic  mouse  model  for  studying  the  effect  of  mammary 
gland  development  on  transgene-mediated  phenotypes. 
Unlike  other  mammary-specific,  transgenic  systems  that 
have  been  described,  this  system  combines  spatially 
homogeneous  transgene  expression  in  the  mammary 
epithelium  during  puberty,  pregnancy,  lactation,  and 
involution  with  the  use  of  an  orally  administered, 
inexpensive,  and  widely  available  inducing  agent.  This 
system  offers  new  opportunities  for  the  transgenic 
analysis  of  mammary  gland  biology  in  vivo. — Gunther, 
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Epidemiologic  and  animal  studies  strongly  suggest 
that  the  susceptibility  of  the  mammary  gland  to  carci¬ 
nogenesis  is  a  function  of  the  gland’s  developmental 
state  at  the  time  of  exposure  to  oncogenic  stimuli 
(1-6).  Reproductive  endocrine  events  such  as  puberty, 
pregnancy,  and  parity  each  influence  the  susceptibility 
of  the  mammary  gland  to  the  subsequent  development 
of  cancer.  The  molecular  and  cellular  mechanisms  by 
which  normal  developmental  events  modulate  breast 
cancer  risk  are  unknown.  Understanding  these  mecha¬ 
nisms  will  require  increasing  our  understanding  of  the 
interaction  between  mammary  development,  reproduc¬ 
tive  history,  and  oncogenic  pathways. 

Postnatal  development  of  the  mouse  mammary  gland 
closely  resembles  that  of  the  human  and  provides  a 
unique  and  powerful  model  for  studying  the  relation¬ 
ship  between  developmental  biology  and  cancer  (7,  8). 
For  example,  the  mammary-specific  expression  of  sev¬ 
eral  oncogenes  implicated  in  human  breast  cancer  in 
transgenic  mice  has  provided  confirmation  of  both 
their  tumorigenic  potential  and  their  ability  to  disrupt 
normal  programs  of  epithelial  differentiation  (9-12). 
Nevertheless,  although  constitutive  mammary-specific 
transgenic  models  have  proved  valuable,  the  utility  of 
these  models  for  probing  the  effect  of  reproductive 
events  on  breast  cancer  risk  has  been  limited  by  the 
characteristics  of  available  mammary-specific  promot¬ 
ers  (13).  For  instance,  the  mouse  mammary  tumor  virus 
(MMTV)  and  whey  acidic  protein  (WAP)  promoters 
are  hormonally  regulated  and  are  therefore  markedly 
up-regulated  during  pregnancy  and  lactation  (14,  15). 
As  a  result,  reproductive  events  in  these  models  alter 
transgene  expression  and  breast  cancer  risk,  thereby 
precluding  any  meaningful  analysis  of  the  effect  of 
reproductive  history  on  cancer  susceptibility. 

Recently,  inducible  transgenic  mouse  models  have 
been  described  for  mammary-specific  transgene  expres¬ 
sion.  In  the  first  reported  system  of  this  type,  the 
MMTV-LTR  was  used  to  drive  expression  of  the  tet- 
responsive  transactivator  tTA.  In  the  absence  of  tetra- 
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cycline.  tTA  is  able  to  activate  expression  of  a  second 
transgene  controlled  by  tet  operator  sequences  (16). 
This  system  has  demonstrated  the  time-dependent  re¬ 
versibility  of  SV40  T  antigen-induced  salivary  gland 
hyperplasias  and  BCR-ABL-induced  leukemias  in  mice 

(17,  18). 

However,  the  utility  of  this  system  for  studying  mam¬ 
mary  gland  biology  may  be  limited  by  mosaic  transgene 
expression  since  a  relatively  small  fraction  of  mammary 
epithelial  cells  demonstrate  detectable  reporter  gene 
expression  (16).  In  addition,  many  tissues  other  than 
the  mammary  gland  exhibit  moderate  levels  of  trans¬ 
gene  induction  in  this  model.  More  recently,  an 
MMTV-driven,  inducible  transgenic  model  that  uses  a 
transactivator  comprised  of  a  modified  ecdysone  recep¬ 
tor  has  been  described  (19).  This  model  has  been 
shown  to  yield  homogeneous  transgene  expression  in 
the  mammary  epithelium  during  lactation  in  the  pres¬ 
ence  of  the  plant  ecdysteroid  inducer  ponasterone  A. 
The  level  and  spatial  distribution  of  transgene  expres¬ 
sion  during  other  stages  of  mammary  gland  develop¬ 
ment  have  not  been  reported.  Unlike  tetracycline- 
based  systems,  however,  this  system  uses  an  inducer  that 
is  not  yet  commercially  available  and  requires  paren¬ 
teral  administration. 

We  reasoned  that  transgenic  mouse  models  suitable 
for  analyzing  the  effect  of  development  on  breast 
cancer  susceptibility'  would  require  the  ability  to  deliver 
tightly  regulated,  mammary-specific  transgene  expres¬ 
sion  during  any  stage  of  postnatal  mammary  gland 
development.  Ideally,  such  a  system  would  permit  ho¬ 
mogeneous  transgene  expression  in  the  mammary  ep¬ 
ithelium,  titratable  transgene  expression  levels,  and 
rapid  kinetics  of  induction  and  deinduction.  As  de¬ 
scribed  below,  we  believe  we  have  created  a  doxycy- 
cline-inducible  mouse  model  system  that  fulfills  these 
criteria.  By  permitting  both  the  timing  and  level  of 
transgene  expression  to  be  varied  experimentally  in  a 
variety  of  developmental  contexts,  this  model  offers 
new  opportunities  for  studying  mammary  gland  biology 
in  vivo. 


MATERIALS  AND  METHODS 
Transgenic  mice 

To  create  the  plasmid  pMMTV-jT/Vt-pA,  the  full-length  rtTA 
minigene  (1.0  kb  fragment  from  plasmid  pUHD172-neo,  a 
gift  from  Dr.  Henry  Bujard)  was  subcloned  into  pBluescript  II 
KS  (Stratagene,  San  Diego,  CA)  downstream  of  a  2.9  kb 
fragment  containing  the  promoter  elements  derived  from 
plasmid,  pMMTV-polyoma  MT  (a  gift  from  Dr.  Philip  Leder) 
(20).  This  promoter  includes  1.2  kb  of  sequence  upstream  of 
the  transcriptional  start  site  of  the  MMTV-LTR  and  0.6  kb  of 
leader  sequence  from  v-H-ras;  1.8  kb  of  SV40  sequence 
carrying  splicing  and  polyadenylation  signal  sequences  was 
subcloned  downstream  of  the  rtTA  gene.  The  reporter  con¬ 
struct  pTetO-LacZ  was  created  by  subcloning  the  LacZ  gene 
from  plasmid  pUHG16-3  (a  gift  from  Dr.  Bujard)  down¬ 
stream  of  a  CMV  minimal  promoter  and  seven  adjacent  tet 
operator  sites  derived  from  pTet-Splice  (Gibco-BRL,  Rock¬ 


ville,  MD)  and  upstream  of  the  SV40  splicing  and  polyadenyl¬ 
ation  signal  sequences  above  (20).  The  construct  pTetO-Luc 
is  identical  to  pTetO-LacZ  except  that  the  LacZ  gene  has  been 
replaced  by  the  firefly  luciferase  coding  region  excised  from 
pGL3  (Promega,  Madison,  WI), 

Restriction  fragments  containing  each  transgene  were  iso¬ 
lated  from  vector  sequences  and  prepared  for  microinjection 
into  fertilized  oocytes.  All  transgenic  lines  were  created  on  an 
inbred  FVB/N  background.  Potential  founders  were  identi¬ 
fied  by  screening  genomic  DNA  from  tail  biopsies  for  the 
presence  of  the  transgene  using  the  polymerase  chain  reac¬ 
tion.  Amplification  reactions  for  genotyping  animals  used  the 
following  oligonucleotide  pairs;  MMTV-rt7’A-pA:  5'-ATCCG- 
CACCCTTGATGACTCCG-3'  and  5'-GGCTATCAACCAACA- 
CACTGCCAC-3'  to  amplify  a  349  bp  segment  spanning  the 
junction  of  MMTV-LTR  and  v-H-ras  leader  sequences;  Tetop- 
LacZ:  5  '-GGTCTGGAC  ACCAGCAAGGAG CTGC-3 '  and  5’- 
GCGCATCGTAACCGTGCATCTGCC-3 '  to  amplify  a  307  bp 
sequence  in  the  LacZ  gene;  Tetop-Luc,  5'-CACGAAATT- 
GCTT  CTGGTGGC-3'  and  5  '-TCGAAGATGTTGGGGTGT- 
TGG-3'  to  amplify  a  469  bp  sequence  in  the  luciferase  gene. 
Reaction  conditions  were  40  cycles  of  94°C  for  30  s,  58°C  for 
30  s,  and  72°C  for  30  s. 

A  founder  line  carrying  construct  MMTV-rfTA-pA  was 
designated  MTB  and  characterized  by  crosses  with  reporter 
strains.  Bitransgenic  mice  were  derived  from  crosses  between 
mice  hemizygous  for  each  transgene  except  for  the  TetO- 
LacZ  founder  line  TZA,  which  was  bred  to  homozygosity  and 
used  in  the  generation  of  some  MTB/TZA  and  TZA  mice.  As 
observed  for  many  transgenic  mouse  lines,  male  and  female 
mice  bred  to  homozygosity  at  the  MTB  locus  were  noted  to  be 
poor  breeders.  In  addition,  homozygous  MTB  dams  often  fail 
to  raise  their  litters  to  weaning  age.  MTB  hemizygous  dams 
show'  normal  fertility  and  support  litter  sizes  typical  of  wild- 
type  FVB/N  mice.  A  small  fraction  of  MTB  females  became  ill 
(hunched  appearance,  weight  loss)  after  prolonged  adminis¬ 
tration  of  doxycycline  (>10  months).  These  mice  were  killed 
when  moribund  and  were  noted  at  dissection  to  have  a 
thickened  intestinal  wall  with  evidence  of  a  lymphoid  infil¬ 
trate  consistent  with  lymphoma.  This  illness  has  not  been 
seen  in  a  comparable  cohort  of  wild-type  FVB  mice  on 
chronic  doxycycline  or  in  MTB  mice  in  the  absence  of 
doxycycline. 

Transgene  expression  was  induced  in  mice  by  replacing 
normal  drinking  water  with  5%  sucrose  containing  doxycy¬ 
cline.  For  prolonged  inductions,  doxycycline-containing  wa¬ 
ter  was  changed  every  3  days.  Mice  were  mated  between  4  and 
8  wk  of  age.  The  day  a  vaginal  plug  was  detected  was  defined 
as  the  first  day  of  pregnancy.  Pregnancy  time  points  were 
confirmed  by  examination  of  embryos  at  the  time  of  death. 
Regression  time  points  were  harvested  after  the  forced  wean¬ 
ing  of  pups  on  day  12  of  lactation. 

p-galactosidase  solution  assay 

Harvested  mouse  mammary  glands  were  snap  frozen  on  dry 
ice  and  stored  at  —  80°C.  Protein  extracts  were  prepared 
essentially  as  described  (21) .  Approximately  500  mg  of  frozen 
tissue  was  homogenized  in  1.0  ml  of  buffer  (40  raM  Tris-HCl, 
pH  7.4,  1  raM  EDTA,  500  mM  sucrose,  150  mM  NaCl,  10  mM 
dithiothreitol)  using  a  polytron  homogenizer.  Homogenates 
were  cleared  by  two  centrifugation  steps  performed  at  12,000 
gfor  20  min  at  4°C.  The  soluble  fraction  was  transferred  to  a 
fresh  tube  and  protein  concentration  was  quantitated  by  the 
method  of  Bradford.  ONPG  (o-nitrophenyl-B-n-galactopyr- 
anoside)  was  used  as  a  colorimetric  substrate  in  a  standard 
P-galactosidase  assay  (21);  10-30  pg  of  protein  was  assayed  in 
replicate  reactions  that  were  terminated  at  increasing  time 
points.  The  optical  density  of  each  reaction  was  measured  at 
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420  nm  and  values  were  plotted  against  time  to  determine  the 
reaction  rate. 

Histochemical  staining  of  tissue  sections 

Mammary  glands  harvested  for  in  situ  determination  of 
P-gaiactosidase  activity  were  frozen  in  OCT  (Miles  Laborato¬ 
ries,  Tarrytown,  NY),  Tissue  blocks  were  stored  at  — 80°C. 
Freshly  cut  tissue  sections  were  applied  to  glass  slides,  pre¬ 
fixed  in  0.5%  glutaraldehyde,  rinsed  twice  in  PBS  at  room 
temperature  for  20  min,  and  stained  for  3-galactosidase 
activity  at  37°C  in  staining  solution  containing  4-chloro-5- 
bromo-3-indolyl-($-D-ga]actopyranoside  (X-gal)  at  1  mg/ml,  5 
raM  K3Fe(CN)6,  5  mM  K4Fe(CN)6,  and  1  mM  MgCL,.  After 
staining,  slides  were  rinsed  twice  for  20  min  in  PBS  at  RT, 
postfixed  in  0.5%  glutaraldehyde,  rinsed  in  PBS,  and  cover- 
slipped. 

Luciferase  assay 

Snap-frozen  tissues  were  homogenized  in  Passive  Lysis  Buffer 
(Promega)  using  a  dounce  homogenizer.  Homogenates  were 
cleared  by  centrifugation  at  12,000  gand  the  supernatant  was 
assayed  for  protein  concentration  by  the  method  of  Lowry. 
Luciferase  activity'  was  measured  using  the  Dual  Luciferase 
Assay  Kit  (Promega)  and  a  Monolight  2010  luminometer 
(Analytical  Luminescence  Laboratory,  Ann  Arbor,  MI)  ac¬ 
cording  to  manufacturer’s  instructions. 


Mammary  gland  morphology 

Mammary  glands  were  fixed  in  4%  paraformaldehyde  over¬ 
night  and  embedded  in  paraffin.  Whole  mounts  of  mammary 
glands  were  prepared  and  stained  with  carmine  alum  as 
described  (22).  Sections  were  applied  to  glass  slides  and 
stained  with  hematoxylin  and  eosin  (H&E), 


RESULTS 

Expression  of  rtTA  in  mammary'  glands  of  transgenic 
mice 

Transgenic  founder  lines  were  generated  harboring  the 
construct  MMTV-rtTA-pA  in  which  expression  of  the 
reverse  tetracycline  transactivator  rtTA  (‘Tet-On’)  is 
driven  by  the  MMTV-LTR.  This  construct  contains  a 
portion  of  the  v-H-ras  leader  sequence,  which  has  been 
associated  with  enhanced  mammary  expression  of 
transgenes  downstream  of  the  MMTV-LTR  (11).  Al¬ 
though  MMTV-promoter-based  transgenes  typically  are 
expressed  maximally  during  late  pregnancy  and  lacta¬ 
tion,  the  M MTV'- rtTA  founder  line  MTB  displayed  easily 
detectable  rtTA  expression  levels  in  the  mammary 
glands  of  5-wk-old  virgin  female  mice  (Fig.  1A).  Expres¬ 
sion  of  rtTA  was  relatively  uniform  among  age-matched 
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Figure  1.  Transgene  expression  in  MTB/ 
TZA  bitransgenic  mice.  A)  Reproducible 
expression  of  rtTA  in  the  mammary  glands 
of  MMTV-rtTA-pA  (MTB)  mice.  Northern 
hybridization  analysis  of  total  RNA  from  the 
mammary  glands  of  5-wk-old  nulliparous 
transgenic  and  wild-type  female  mice  for 
rtTA  expression.  The  presence  or  absence 
of  the  transgene  is  indicated.  Mice  were 
administered  2  mg/ ml  doxycycline  in 
drinking  water  for  72  h.  B)  Doxycycline- 
inducible  expression  of  a  [3-galactosidase 
reporter  gene  in  bitransgenic  mice.  Virgin 
female  mice  (6-wk-old)  of  the  indicated 
genotypes  were  either  left  untreated  or 
administered  2  mg/ml  doxycycline  in  drinking  water  for  72  h.  Mammary'  gland  extracts  were  prepared 
and  assayed  for  [3-galactosidase  activity.  C)  Homogeneous,  mammary  epithelial-specific  3-galactosidase 
activity  in  doxycycline-treated  MTB/TZA  mice:  6-wk-old  virgin  female  bitransgenic  mice  were  either  left 
untreated  (left  panels)  or  induced  with  doxycycline  (right  panels)  as  above.  Note  homogeneous  staining 
of  mammary  epithelium,  including  a  terminal  end  bud  present  at  the  12  o’clock  position  in  the  bottom 
right  panel.  Mammary  glands  were  whole  mounted  (upper  panels)  or  embedded  in  OCT  and  sectioned 
(lower  panels)  before  histochemical  staining  for  3-galactosidase  activity. 
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virgin  transgenic  mice  and,  as  expected,  was  unper¬ 
turbed  by  the  administration  of  doxycycline  (Fig.  1A). 

Inducible  transgene  expression  is  tightly  regulated 
and  spatially  homogeneous 

To  determine  the  ability  of  the  MTB  line  to  permit 
inducible  transgene  expression,  reporter  mice  were 
generated  harboring  a  TetO-LacZ  transgene  comprised 
of  the  bacterial  LacZ  gene  downstream  of  a  minimal 
promoter  containing  a  heptamer  of  tet  operator  se¬ 
quences.  MTB  mice  were  crossed  with  mice  of  the 
TetO-LacZ-bearing  transgenic  line  TZA.  Wild-type, 
MTB,  TZA,  and  MTB/TZA  bitransgenic  nulliparous 
female  mice  were  either  induced  by  administration  of  2 
mg/ml  doxycycline  in  their  drinking  water  for  72  h  or 
were  left  untreated.  Mammary  gland-derived  protein 
extracts  were  then  assayed  for  p-galactosidase  activity. 
Neither  uninduced  MTB/TZA  glands  nor  induced 
MTB  or  TZA  glands  yielded  P-galactosidase  activity 
above  the  background  levels  observed  in  wild-type  FVB 
glands  (Fig.  IB).  In  contrast,  mammary  extracts 
prepared  from  doxycycline-treated  MTB/TZA  mice 
exhibited  p-galactosidase  activity  levels  ~500-fold  above 
background.  These  results  indicate  that  transgene  ex¬ 
pression  in  this  system  is  highly  inducible  and  tightly 
regulated. 

Heterogeneous  transgene  expression  in  the  mam¬ 
mary'  epithelium  has  often  been  observed  in  MMTV- 
based  transgenic  mouse  models  (11,  16).  As  a  result, 
transgene-mediated  phenotypes  may  have  low  pen¬ 
etrance  and  may  reflect  effects  of  transgene  expression 
on  selected  subsets  of  cells  rather  than  on  the  epithe¬ 
lium  as  a  whole.  To  determine  the  spatial  localization  of 
transgene  expression  in  our  system,  in  situ  histochem- 
ical  staining  for  P-galactosidase  activity  was  performed 
on  whole-mounted  mammary  glands  harvested  from 
doxycycline-induced  MTB/TZA  bitransgenic  mice  (Fig. 


1C).  This  analysis  confirmed  induction  of  p-galactosi- 
dase  activity'  in  doxycycline-treated  bitransgenic  animals 
as  well  as  the  lack  of  detectable  P-galactosidase  activity 
in  uninduced  bitransgenic  animals.  Analysis  of  both 
whole  mounts  and  sections  demonstrated  that  induc¬ 
tion  of  P-galactosidase  activity  in  6-wk-old  MTB/TZA 
female  mice  is  confined  to  the  mammary  epithelial  tree 
and  is  remarkably  homogeneous  within  the  mammary 
epithelium  (Fig.  1C).  Homogeneous  p-galactosidase 
expression  was  also  demonstrated  in  terminal  end  buds 
(Fig.  1C),  which  are  highly  proliferative  structures  that 
drive  ductal  elongation  during  puberty  and  may  be 
particularly  sensitive  to  oncogenic  stimuli.  Histochem- 
ical  staining  of  sections  failed  to  detect  P-galactosidase 
activity  in  uninduced  MTB/TZA  glands  or  monotrans- 
genic  genetic  controls  (Fig.  1C  and  data  not  shown). 

Transgene  induction  is  mammary  specific 

Northern  hybridization  analysis  of  tissues  derived  from 
6-wk-old  virgin  MTB  mice  demonstrated  high  levels  of 
rtTA  expression  in  the  mammary  gland  (Kg.  2 A). 
Consistent  with  other  MMTV  transgenic  models,  lower 
levels  of  expression  were  observed  in  the  salivary  gland 
and  the  male  seminal  vesical  (Fig.  2A  and  data  not 
shown).  Expression  of  rtTA  mRNA  was  not  detected  in 
any  other  tissue  examined.  These  findings  suggest  that 
rtTA  transgene  expression  in  MTB  mice  may  exhibit  a 
degree  of  mammary  specificity'  greater  than  that  typi¬ 
cally  seen  in  MMTV  transgenic  models  (23). 

To  further  investigate  tissue  specificity  in  this  model 
system,  transgenic  mice  carrying  the  luciferase  gene 
under  the  control  of  tet-operator  sequences  (TetO- 
Luc)  were  generated  and  crossed  to  MTB  mice.  Assays 
to  detect  luciferase  gene  expression  are  more  sensitive 
and  have  a  greater  dynamic  range  than  assays  for 
P-galactosidase  activity.  Bitransgenic  MTB/TetO-Luc 
mice  were  induced  for  72  h  with  2  mg/ml  doxycycline. 


Figure  2.  Mammary-specific  transgene  induction  in  bitransgenic  mice.  A )  Mammary-specific  expression  of  rtTA  in  MTB  mice. 
Northern  hybridization  analysis  of  total  RNA  from  tissues  harvested  from  6-wk-old  virgin  MTB  mice  for  rtTA  expression.  B) 
Doxycycline-inducible  expression  of  a  luciferase  reporter  in  tissues  from  bitransgenic  MTB/TetO-Luc  mice.  A  panel  of  1 7  tissues 
was  harvested  from  uninduced  and  induced  6-wk-old  nulliparous  female  MTB/TetO-Luc  bitransgenic  mice.  Equal  amounts  of 
protein  from  the  tissues  indicated  were  analyzed  for  luciferase  activity  and  compared  with  values  obtained  from  wild-type 
littermates.  Mice  were  induced  with  2  mg/ml  doxycycline  administered  in  drinking  water  for  72  h  before  tissue  harvest. 
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Genetic  and  uninduced  controls  were  analyzed  in  par¬ 
allel.  Luciferase  assays  were  performed  on  protein 
samples  from  a  panel  of  17  tissues  and  normalized  to 
protein  concentration.  These  studies  demonstrated  the 
doxycycline-dependent  3000-fold  induction  of  lucif¬ 
erase  activity  in  the  mammary  glands  of  MTB/TetO- 
Luc  bitransgenic  mice  as  well  as  somewhat  lower  levels 
of  induction  in  the  salivary  glands  (Fig,  2 B) .  Low  but 
detectable  levels  of  induced  expression  were  observed 
in  the  thymus,  a  tissue  shown  to  express  MMTV-driven 
transgenes  (23).  Remarkably,  neither  mammary  gland, 
salivary  gland,  nor  thymus  demonstrated  detectable 
luciferase  activity  in  the  absence  of  doxycycline  induc¬ 
tion  (Fig.  2 B) .  These  findings  confirm  that  this  bitrans¬ 
genic  system  is  both  mammary  specific  and  tightly 
regulated  by  doxycycline. 

Titratable  levels  of  transgene  expression 

A  principal  advantage  of  an  inducible  expression  sys¬ 
tem  is  that  it  permits  the  titration  of  transgene  expres¬ 
sion  to  a  desired  level  (20,  24).  The  ability  to  regulate 
transgene  expression  levels  in  the  mammary  epithe¬ 
lium  is  required  for  studying  how  the  level  of  transgene 
expression  affects  mammary  gland  phenotype  and  for 
achieving  comparable  levels  of  transgene  expression 
during  different  developmental  stages.  Accordingly, 
the  ability  to  reproducibly  titrate  transgene  expression 
levels  in  the  mammary  gland  was  tested  by  generating  a 
dose-response  curve  for  reporter  gene  induction  in 
MTB/TZA  mice.  Nulliparous  female  MTB/TZA  bi¬ 
transgenic  mice  were  administered  increasing  doxycy- 
cline  doses  via  drinking  water  for  72  h  before  being 
killed.  Protein  extracts  prepared  from  harvested  mam¬ 
mary  glands  were  analyzed  for  P-galactosida.se  activity 
(Fig.  3A).  Induction  of  P-galactosidase  activity  in  MTB/ 
TZA  mice  was  first  detectable  at  a  doxycycline  con¬ 
centration  of  0.03  mg/ml  and  was  near  maximal  at 
0.5  mg/ ml.  Intermediate  doses  of  doxycycline  repro¬ 
ducibly  induced  intermediate  levels  of  P-galactosi¬ 
dase  activity.  These  data  demonstrate  that  this  doxy¬ 
cycline-dependent  transgenic  system  permits  transgene 
expression  to  be  titrated  to  a  desired  level. 

Rapid  induction  of  transgene  expression 

The  ability  to  analyze  the  short-term  effects  of  trans¬ 
gene  induction  on  normal  tissues  requires  the  ability  to 
rapidly  induce  transgenes.  Moreover,  precise  timing  of 
transgene  induction  is  critical  for  studying  the  effect  of 
transgene  expression  on  developmental  processes.  The 
kinetics  of  LacZ  transgene  induction  in  MTB/TZA 
bitransgenic  mice  was  determined  by  measuring  P-ga¬ 
lactosidase  activity  in  the  mammary  glands  of  nullipa¬ 
rous  females  after  exposure  to  doxycycline  (Fig.  35) .  As 
observed  earlier,  no  p-galactosidase  activity  was  de¬ 
tected  in  uninduced  MTB/TZA  glands  above  the  back¬ 
ground  activity  levels  measured  in  wild-type  glands.  In 
contrast,  P-galactosidase  activity  was  first  detected  in 
MTB/TZA  animals  6  h  after  doxycycline  exposure. 
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Figure  3.  Dose-response  and  kinetics  of  transgene  induction. 
A)  Dose-response  curve  for  doxycycline-inducible  reporter 
gene  expression:  6-wk-old  nulliparous  female  MTB/TZA  bi¬ 
transgenic  mice  and  monotransgenic  controls  were  adminis¬ 
tered  doxycycline  in  drinking  water  supplemented  with  5% 
sucrose  for  72  h  before  tissue  harvest.  Mammary  gland 
protein  extracts  were  assayed  for  P-galactosidase  activity.  B) 
Kinetics  of  doxycycline-inducible  reporter  gene  expression. 
6-wk-old  nulliparous  female  MTB/TZA  bitransgenic  mice  and 
monotransgenic  controls  were  administered  2  mg/ml  doxy¬ 
cycline  in  drinking  water  before  tissue  harvest.  Mammary 
gland  protein  extracts  were  assayed  for  fi-galactosidase  activ¬ 
ity.  Doxycycline  administration  was  performed  by  orogastric 
gavage  of  bitransgenic  animals  in  the  case  of  the  2  h  point. 

P-Galactosidase  activity  continued  to  increase  with  in¬ 
creasing  times  of  doxycycline  exposure  up  to  1  wk,  most 
likely  as  a  consequence  of  the  long  half-life  of  the  LacZ 
mRNA  transcript  and  encoded  P-galactosidase  protein. 
In  contrast,  MTB  mice  bitransgenic  for  an  inducible 
c-MYC  transgene  attain  steady-state  levels  of  c-MYC 
expression  within  48  h  of  induction,  presumably  reflect¬ 
ing  the  short  half-life  of  the  c-MYC  mRNA  and  protein 
(ref  25  and  data  not  shown). 

The  ability  to  turn  off  transgene  expression  is  also  a 
desirable  property  of  inducible  systems.  The  kinetics  of 
transgene  deinduction  would  be  expected  to  depend 
on  the  half-life  of  the  mRNA  and  protein  encoded  by 
the  transgene,  and  the  rate  at  which  doxycycline  levels 
decline  in  vivo  after  its  discontinuation.  Analysis  of 
MTB/TetO-MYC  mice  has  demonstrated  that  c-MYC 
transgene  expression  levels  decline  to  baseline  levels 
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within  24  h  after  doxycycline  withdrawal  (ref  26  and 
data  not  shown). 

Homogeneous  transgene  expression  during  multiple 
stages  of  postnatal  mammary  development 

To  characterize  the  magnitude  and  spatial  pattern  of 
transgene  induction  during  other  stages  of  postnatal 
mammary  development,  p-galactosidase  activity  was  an¬ 
alyzed  in  the  mammary  glands  of  MTB/TZA  bitrans- 
genic  female  mice  at  developmental  stages  represent¬ 
ing  puberty,  pregnancy,  lactation,  and  postlactational 
involution.  MTB/TZA  females  and  genetic  controls 
were  induced  with  2  mg/ ml  doxycycline  for  72  h  before 
mammary  gland  harvest.  As  before,  no  P-galactosidase 
activity  was  detected  in  uninduced  mammary  glands 
from  MTB/TZA  mice  above  that  measured  in  wild-type 
and  monotransgenic  MTB  and  TZA  glands.  (3-Galacto- 
sidase  activity  was  highly  induced  in  mammary  glands 
from  doxycycline-treated  bitransgenic  mice  at  each 
developmental  stage  analyzed  (Fig.  4A).  The  magni¬ 
tude  of  induction  of  p-galactosidase  activity  in  bitrans¬ 
genic  mice  ranged  from  several  100-fold  in  nulliparous 


mice  to  several  1000-fold  in  pregnant  and  lactating 
mice.  However,  given  that  uninduced  P-galactosidase 
levels  are  indistinguishable  from  background  levels 
found  in  wild-type  mammary  glands,  these  estimates 
represent  lower  limits.  Our  finding  that  the  levels  of 
p-galactosidase  activity  present  in  pregnant  and  lactat¬ 
ing  glands  of  MTB/TZA  mice  exceeded  the  levels 
detected  in  virgin  glands  is  consistent  with  the  finding 
that  rtTA  expression  is  higher  during  pregnancy  and 
lactation  (Fig.  4 A  and  data  not  shown). 

A  major  limitation  of  mammary-specific  transgenic 
models,  particularly  those  using  the  MMTV-LTR,  has 
been  marked  spatial  heterogeneity  of  transgene  expres¬ 
sion  within  the  mammary  epithelium.  Even  though  our 
data  indicate  that  transgene  expression  is  relatively 
homogeneous  in  the  mammary  glands  of  6-wk-old 
mice,  we  wanted  to  characterize  the  spatial  distribution 
of  transgene  expression  at  other  stages  of  postnatal 
development.  This  was  achieved  by  histochemical  stain¬ 
ing  for  P-galactosidase  activity  in  frozen  sections  from 
induced  MTB/TZA  mice.  Homogeneous,  epithelial- 
specific  staining  was  observed  in  glands  harvested  from 
induced  MTB/TZA  bitransgenic  females  during  pu- 
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Figure  4.  Developmental  dependence  of  doxycycline-inducible  reporter  gene  expression.  Bitransgenic  MTB/TZA  mice  or 
monotransgenic  TZA  mice  were  either  left  untreated  or  induced  with  2  mg/ ml  doxycycline  in  drinking  water  for  72  h  before 
tissue  harvest.  A)  p-Galactosidase  activity  levels  assayed  in  mammary  gland  protein  extracts  prepared  from  mice  of  the  indicated 
genotypes  and  doxycycline  exposure  at  eight  stages  of  postnatal  development.  Values  are  shown  for  6-wk-old  and  lo-wk-old 
nulliparous  (G0P0)  mice,  as  well  as  for  mice  on  days  6,  12,  and  18  of  pregnancy  (G1P0),  day  9  of  lactation  (LACT),  and  days 
2  and  28  of  postlactational  regression  (REG).  B)  Frozen  sections  of  OCT-embedded  mammary  glands  of  the  induced  and 
uninduced  bitransgenic  mice  above  were  histochemically  stained  for  p-galactosidase  activity  using  X-gal. 
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berty,  pregnancy,  lactation,  and  postlactational  involu¬ 
tion  (Fig.  4 B). 

Because  the  mammary  epithelial  compartment  in¬ 
creases  in  size  during  pregnancy,  direct  comparison  of 
p-galactosidase  activity  in  mammary  gland  homoge¬ 
nates  from  MTB/TZA  mice  at  different  developmental 
stages  can  be  problematic  even  after  normalizing  activ¬ 
ity  to  protein  levels.  It  is  worth  noting  that  histological 
sections  from  induced  bitransgenic  glands  from  preg¬ 
nant  and  lactating  mice  exhibited  more  intense  stain¬ 
ing  for  P-galactosidase  activity  than  comparable  sec¬ 
tions  from  virgin  mice  analyzed  in  parallel  (Fig.  4B  and 
data  not  shown).  This  suggests  that  induced  p-galacto- 
sidase  activity  is  greater  on  a  per  cell  basis  in  the 
mammary  epithelium  of  pregnant  and  lactating  MTB/ 
TZA  mice  vs,  virgin  animals. 

Heterogeneous  transgene  expression  in  aging  mice 

Absolute  levels  of  LacZ  transgene  expression  were 
observed  to  decrease  in  MTB/TZA  bitransgenic  mam¬ 
mary  glands  harvested  from  15-wk-old  vs.  6-wk-old  mice 
(Fig.  5).  Consistent  with  this,  expression  of  rtTA  in  the 
mammary  glands  of  MTB  mice  decreases  with  age  (data 
not  shown).  To  determine  the  cellular  basis  for  this 
change,  15-wk-old  nulliparous  MTB/TZA  mice  were 
analyzed  for  transgene  expression  by  histochemical 
staining  of  mammary  gland  sections.  Unlike  other 
stages  of  mammary  gland  development  analyzed,  stain¬ 
ing  for  P-galactosidase  activity  in  this  group  of  bitrans¬ 
genic  mice  was  heterogeneous,  with  ~10-20%  of  mam¬ 
mary  epithelial  cells  exhibiting  detectable  activity  (Fig. 
5).  This  suggests  that  the  decrease  in  reporter  trans¬ 
gene  expression  in  aging  mice  may  in  part  be  a 
consequence  of  expressing  the  transgene  in  only  a 


-Dox  +Dox 


Figure  5.  Heterogeneous  reporter  gene  expression  in  mam¬ 
mary  glands  of  15-wk-old  mice.  Frozen  sections  of  OCT- 
embedded  mammary  glands  from  uninduced  and  doxycy- 
cline-induced  15-wk-old  nulliparous  (GOPO,  top  panels)  and 
parous  (G1P1,  bottom  panels)  bitransgenic  MTB/TZA  fe¬ 
males  were  histochemically  stained  for  pi-galactosidase  activ¬ 
ity,  Doxycycline-induced  mice  were  administered  2  mg/ml 
doxycycline  in  5%  sucrose  as  drinking  water  for  72  h  before 
tissue  harvest. 


subset  of  mammary  epithelial  cells.  A  similar  heteroge¬ 
neous  pattern  of  P-galactosidase  staining  was  also  noted 
in  mammary  glands  from!5-wk-old  bitransgenic  mice 
that  had  undergone  pregnancy,  lactation,  and  4  wk  of 
postlactational  involution.  It  is  unclear  whether  un¬ 
stained  cells  fail  to  express  the  transgene  or  express  the 
transgene  at  a  level  below  the  limits  of  histochemical 
detection. 

Heterogeneous  expression  of  the  LacZ  reporter 
transgene  could  be  a  direct  consequence  of  gene 
silencing  events  at  the  TZA  locus  or  an  indirect  conse¬ 
quence  of  gene  silencing  events  at  the  MTB  locus.  We 
favor  the  former  possibility,  since  rtTA  transcript  levels 
in  the  mammary  gland  are  only  slightly  decreased  in 
15-wk-old  induced  MTB/TZA  bitransgenic  mice  com¬ 
pared  with  5-wk-old  animals.  In  contrast,  LacZ  tran¬ 
script  levels  induced  in  MTB/TZA  are  markedly  de¬ 
creased  in  15-wk-old  vs.  5-wk-old  mice  (data  not  shown). 

Postnatal  mammary  development  appears  normal  in 
MTB  transgenic  mice 

For  the  MTB  bitransgenic  system  we  created  to  be  of 
maximum  utility,  mammary  development  in  these  mice 
must  be  demonstrably  normal.  This  criterion  is  impor¬ 
tant  given  concerns  that  overexpression  of  a  strong 
transcriptional  transactivator  such  as  rtTA  may  be  toxic 
to  mammary  epithelial  cells  (27).  To  address  this  issue, 
mammary  glands  from  MTB  and  wild-type  mice  were 
analyzed  morphologically  for  evidence  of  developmen¬ 
tal  abnormalities  by  examination  of  carmine-stained 
whole  mounts  and  H&E-stained  sections  (Fig.  6).  The 
highly  ordered  nature  of  the  mammary  epithelial  tree 
permits  this  type  of  analysis  to  detect  relatively  subtle 
changes  in  gland  development.  These  studies  demon¬ 
strate  that  at  both  morphological  (Fig.  6A)  and  histo¬ 
logical  (Fig.  6 B)  levels,  mammary  development  in  MTB 
animals  is  indistinguishable  from  that  observed  in 
wild-type  mice  at  each  stage  of  postnatal  development, 
including  puberty,  pregnancy,  lactation,  and  postlacta¬ 
tional  involution. 

To  determine  whether  high  levels  of  rtTA  expression 
alter  mammary  epithelial  proliferation,  BrdU  incorpo¬ 
ration  in  the  mammary  epithelium  was  measured  dur¬ 
ing  puberty  in  MTB  mice.  Levels  of  BrdU  incorporation 
were  indistinguishable  between  cohorts  of  MTB  and 
wild-type  age-matched  virgin  female  mice  (data  not 
shown).  MTB  hemizygous  and  FVB/N  wild-type  dams 
were  also  indistinguishable  with  regard  to  the  number 
of  pups  per  litter  and  to  the  growth  rate  of  pups  (data 
not  shown).  These  findings  suggest  that  in  addition  to 
being  morphologically  normal,  mammary  development 
is  functionally  normal  in  MTB  hemizygous  mice. 


DISCUSSION 

This  report  describes  a  novel  inducible  mouse  model 
system  that  permits  spatially  homogeneous  transgene 
expression  in  the  mammary  epithelium  of  bitransgenic 
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Figure  6.  Mammary  gland  morphology  in  MTB  mice  during  development.  Mammary  glands  were  harvested  from  MTB 
transgenic  and  wild-type  female  mice  at  various  times  of  development.  For  analysis  of  whole-mount  morphology  (A) ,  inguinal 
mammary  glands  were  spread  on  slides,  fixed,  and  subjected  to  carmine  staining  (7).  For  analysis  of  tissue  histology, 
H&E-stained  sections  (B)  from  paraffin-embedded  mammary  glands  were  analyzed  by  light  microscopy. 


mice  treated  with  doxycycline.  This  system  allows  regu¬ 
latory  molecules  to  be  inducibly  expressed  in  the 
mammary  epithelium  for  a  defined  period  of  time,  at  a 
desired  level,  and  during  any  stage  of  postnatal  mam¬ 
mary  development  after  treatment  with  a  widely  avail¬ 
able,  inexpensive,  and  easily  administered  inducing 
agent.  Transgene  expression  is  mammary  specific,  can 
be  rapidly  induced  and  deinduced,  can  be  reproducibly 
titrated  over  a  wide  range  of  expression  levels,  and  is 
essentially  undetectable  in  the  uninduced  state.  These 
features  make  this  system  ideally  suited  for  expressing 
regulatory  molecules  in  a  spatially  and  temporally  re¬ 
stricted  manner  during  defined  stages  of  mammary 
development  or  carcinogenesis. 

A  significant  advantage  of  the  tetracycline-inducible 
model  described  here  is  its  spatially  homogeneous 
pattern  of  transgene  expression  during  multiple  stages 
of  postnatal  mammary  development.  Nevertheless,  our 
observation  that  older  bitransgenic  animals  exhibit 
heterogeneous  transgene  expression  highlights  the  im¬ 
portance  of  investigating  the  properties  of  transgene 
expression  during  each  of  the  developmental  stages  at 
which  transgene  effects  will  be  analyzed  and  of  docu¬ 
menting  that  each  of  the  stages  of  mammary  develop¬ 
ment  occurs  normally  in  induced  and  uninduced  mice 
expressing  only  the  transcriptional  transactivator. 

Novel  experimental  approaches  to  the  transgenic 
analysis  of  mammary  epithelial  biology  are  facilitated  by 
the  ability  to  inducibly  control  transgene  expression. 
For  example,  the  MTB  transactivator-bearing  trans¬ 


genic  line  described  in  this  report  has  been  crossed  to 
a  second  transgenic  mouse  line  carrying  a  c-MYC 
transgene  under  the  control  of  tet  operator  sequences. 
Inducible  expression  of  c-MYC  using  this  model  system 
results  in  the  formation  of  invasive  mammary  adeno¬ 
carcinomas  in  a  manner  that  is  rapid,  highly  penetrant, 
mammary  specific,  and  absolutely  dependent  on  trans¬ 
gene  induction  by  doxycycline  (26) .  In  the  absence  of 
doxycycline  induction,  c-MYC  transgene  expression  is 
undetectable,  and  uninduced  bitransgenic  animals  dis¬ 
play  a  normal  mammary  phenotype.  Removal  of  the 
oncogenic  stimulus  by  transgene  deinduction  revealed 
that  approximately  half  of  adenocarcinomas  arising  as  a 
result  of  dysregulated  c-MYC  expression  remain  depen¬ 
dent  on  transgene  expression  for  maintenance;  the 
other  half  acquire  the  ability  to  grow  in  the  absence  of 
c-MYC  overexpression.  Nearly  50%  of  tumors  induced 
by  c-MYC  were  found  to  carry  spontaneous  activating 
point  mutations  in  Kras2  or  Nras,  and  the  presence  of 
such  mutations  was  highly  correlated  with  the  ability  of 
MYC-induced  tumors  to  grow  in  a  MYC-independent 
manner.  These  studies  highlight  the  experimental  op¬ 
portunities  that  arise  from  the  ability  to  abrogate 
transgene  expression. 

Amplification  and  overexpression  of  oncogenes, 
such  as  c-MYC  and  ERBB2,  is  found  in  a  subset  of 
human  breast  cancers  (28,  29).  However,  little  is  known 
about  the  dose-response  relationship  between  onco¬ 
gene  expression  levels  and  mammary  epithelial  cell 
phenotype.  The  ability  to  titrate  transgene  expression 
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levels  as  described  here  should  permit  graded  levels  of 
oncogene  expression  to  be  achieved  in  the  mammary 
epithelium  of  genetically  identical  mice.  Moreover, 
tightly  regulated  temporal  control  over  transgene  ex¬ 
pression  will  permit  the  results  of  oncogene  activation 
to  be  analyzed  in  the  normal  epithelium  of  adult  mice. 
This  in  turn  will  permit  the  restriction  of  oncogene 
activation  to  any  stage  of  postnatal  mammary  develop¬ 
ment,  thereby  facilitating  analysis  of  the  effect  of  repro¬ 
ductive  events  on  oncogene-mediated  phenotypes. 

Finally,  additional  experimental  strategies  to  which 
this  system  can  be  applied  include  those  aimed  at  using 
inducible  expression  of  the  ere  recombinase  for  tissue- 
specific,  conditional  gene  targeting.  Doxycycline-induc- 
ible  ere  expression  has  been  used  to  conditionally 
delete  loxP-flanked  gene  segments  in  the  mouse  mam¬ 
mary  epithelium  (30),  However,  use  of  the  WAP  pro¬ 
moter  to  drive  rtTA  expression  in  this  model  required 
that  gene  deletion  take  place  during  lactation.  More¬ 
over,  even  under  optimal  conditions,  cre-mediated 
recombination  occurred  in  a  small  fraction  of  epithelial 
cells.  Though  mosaic  gene  deletion  may  be  desirable  in 
some  experimental  contexts,  it  is  disadvantageous  in 
others,  particularly  those  designed  to  study  the  effect  of 
gene  deletion  on  development  (31).  Experiments  are 
under  way  to  examine  whether  the  MTB  transgenic  line 
will  permit  more  homogeneous  cre-mediated  deletion 
in  the  mammary'  epithelium  in  a  manner  that  is  less 
dependent  on  hormones  of  pregnancy.  gji] 

The  authors  thank  Jean  Richa  for  transgene  injections  and 
Nadine  Srouji  and  members  of  the  Chodosh  laboratory  for 
helpful  discussions  and  critical  reading  of  the  manuscript. 
This  research  was  supported  by  National  Institutes  of  Heath 
grants  K08  CA79682  (E.J.G.),  CA92190,  CA83849,  CA78410, 
and  P01  CA77596  from  the  National  Cancer  Institute,  the 
Dolores  Zohrab  Leibmann  Fund  (G.B.W.W.),  U.S.  Army  Breast 
Cancer  Research  Program  grants  DAMD 17-00-1-0397  (R.B.B.), 
and  DAMD 17-98-1- 8226  and  the  University'  of  Pennsylvania 
Cancer  Center  Core  Support  Grant  NCI  CA16520. 


REFERENCES 

1.  Bernstein,  L.,  and  Ross,  R.  K.  (1993)  Endogenous  hormones 
and  breast  cancer  risk.  Epidemiol  Rev.  15,  48-65 

2.  MacMahon,  B.,  Cole,  P.f  Lin,  T.  M.,  Lowe,  C.  R,,  Mirra,  A.  P,, 
Ravnihar,  B.,  Salber,  E.  J.,  Valaoras,  V.  G.,  and  Yuasa,  S. 
(1970)  Age  at  first  birth  and  breast  cancer  risk.  Bull.  WHO  43, 
209-221 

3.  Marchant,J,  (1955)  Influence  of  pregnancy  and  lactation  on  the 
incidence  of  mammary  carcinoma  induced  with  methylchoian- 
threne  in  female  mice  of  the  ‘IF’  strain.  J.  Pathol  Bacteriol  70, 
415-418 

4.  Medina,  D.f  and  Smith,  G.  H.  (1999)  Chemical  carcinogen- 
induced  tumorigenesis  in  parous,  involuted  mouse  mammary 
glands./.  Natl  Cancer  Inst.  91,  967-969 

5.  Russo,  J.,  Tay,  L.  K,  and  Russo,  I.  H.  (1982)  Differentiation  of 
the  mammary  gland  and  susceptibility  to  carcinogenesis.  Breast 
Cancer  Res.  Treat  2,  5-73 

6.  Tokunga,  M.,  Land,  C.,  Tkuoka,  S.,  Nishimori,  I.,  Soda,  M., 
and  Akiba,  S.  (1994)  Incidence  of  female  breast  cancer 
among  atomic  bomb  survivors,  1950-1985.  Radial  Res.  138, 
209-223 


7.  Daniel,  C,,  and  Silberstein,  G.  (1987)  Postnatal  development  of 
the  rodent  mammary  gland.  In  The  Mammary  Gland; Development) 
Regulation ,  and  Function  (Neville,  M.,  and  Daniel,  C.,  eds)  pp. 
3-36,  Plenum  Press,  New  York 

8.  Russo,  J.,  Gusterson,  B.  A.,  Rogers,  A.  E.,  Russo,  I.  H.,  Wellings, 

S.  R.,  and  van  Zwieten,  M.  J.  (1990)  Comparative  study  of 
human  and  rat  mammary  tumorigenesis.  Lab.  Invest.  62,  244- 
278 

9.  Andres,  A.  C.,  van  der  Valk,  M.  A.,  Schonenberger,  C.  A., 
Fluckiger,  F.,  LeMeur,  M.,  Gerlinger,  P,,  and  Groner,  B.  (1988) 
Ha-ras  and  c-myc  oncogene  expression  interferes  with  morpho¬ 
logical  and  functional  differentiation  of  mammary  epithelial 
cells  in  single  and  double  transgenic  mice.  Genes  Dev.  2,  1486- 
1495 

10.  Leder,  A.,  Pattengale,  P.  K.,  Kuo,  A.,  Stewart,  T.  A.,  and  Leder, 
P.  (1986)  Consequences  of  widespread  deregulation  of  the 
c-myc  gene  in  transgenic  mice:  multiple  neoplasms  and  normal 
development.  Cell  45,  485—495 

11.  Muller,  WJ.,  Sinn,  E.,  Pattengale,  P.  K.,  Wallace,  R.,  and  Leder, 
P.  (1988)  Single-step  induction  of  mammary  adenocarcinoma 
in  transgenic  mice  bearing  the  activated  c-neu  oncogene.  Cell 
54,  105-115 

12.  Sinn,  E.,  Muller,  W,,  Pattengale,  P.,  Tepler,  I.,  Wallace,  R.,  and 
Leder,  P.  (1987)  Coexpression  of  MMTV/ v-Ha-ras  and  MMTV/ 
c-myc  genes  in  transgenic  mice:  synergistic  action  of  oncogenes 
in  vivo.  Cell  49,  465-475 

13.  Gould,  M.  (1995)  Rodent  models  for  the  study  of  etiology, 
prevention  and  treatment  of  breast  cancer.  Semin.  Cancer  Biol  6, 
147-152 

14.  Munoz,  B.,  and  Bolander,  F.  F.,  Jr.  (1989)  Prolactin  regula¬ 
tion  of  mouse  mammary  tumor  virus  (MMTV)  expression  in 
normal  mouse  mammary  epithelium.  Mol.  Cell.  Endocrinol  62, 
23-29 

15.  Hennighausen,  L.  G.,  and  Sippel,  A.  E.  (1982)  Characterization 
and  cloning  of  the  mRNAs  specific  for  the  lactating  mouse 
mammary  gland.  Eur.  J.  Biochem.  125,  131-141 

16.  Hennighausen,  L.,  Wall,  R.  J.,  Tillmann,  U.,  Li,  M.,  and  Furth,  P. 
(1995)  Conditional  gene  expression  in  secretory  tissues  and  skin 
of  transgenic  mice  using  the  MMTV-LTR  and  the  tetracycline 
responsive  system.  J.  Cell  Biochem.  59,  463-472 

17.  Ewald,  D.,  Li,  M.,  Efrat,  S.,  Auer,  G.,  Wall,  R.,  Furth,  P.,  and 
Hennighausen,  L.  (1996)  Time-sensitive  reversal  of  hyperplasia 
in  transgenic  mice  expressing  SV40  T  antigen.  Science  273, 
1384-1386 

18.  Huettner,  C.  S.,  Zhang,  P.,  Van  Etten,  R.  A.,  and  Tenen,  D.  G. 
(2000)  Reversibility  of  acute  B-cell  leukaemia  induced  by  BCR- 
ABL1.  Nat.  Genet  24,  57-60 

19.  Albanese,  C.,  Reutens,  A.  T.,  Bouzahzah,  B.,  Fu,  M.,  D’Amico, 
M.,  Link,  T.,  Nicholson,  R.,  Depinho,  R.  A.,  and  Pestell,  R.  G. 
(2000)  Sustained  mammary  gland-directed,  ponasterone  A- 
inducible  expression  in  transgenic  mice.  FASEB  J.  14,  877- 
884 

20.  Gossen,  M.,  Freundlieb,  S.,  Bender,  G.,  Muller,  G.,  Hillen,  W., 
and  Bujard,  H.  (1995)  Transcriptional  activation  by  tetracy¬ 
clines  in  mammalian  cells.  Science  268,  1766-1769 

21.  Ramirez,  M.  I.,  Karaoglu,  D.,  Haro,  D.,  Barillas,  C.,  Bashirzadeh, 
R,,  and  Gil,  G.  (1994)  Cholesterol  and  bile  acids  regulate 
cholesterol  7  alpha-hydroxylase  expression  at  the  transcrip¬ 
tional  level  in  culture  and  in  transgenic  mice.  Mol.  Cell.  Biol  14, 
2809-2821 

22.  Gardner,  H.  P.,  Belka,  G.  K.,  Wertheim,  G.  B.,  Hartman,  J.  L., 
Ha,  S.  I.,  Gimotty,  P.  A.,  Marquis,  S.  T.,  and  Chodosh,  L.  A. 
(2000)  Developmental  role  of  the  SNFl-related  kinase  Hunk  in 
pregnancy-induced  changes  in  the  mammary  gland.  Development 
127,4493-4509 

23.  Ross,  S.  R,,  Hsu,  C.  L.,  Choi,  Y.,  Mok,  E.,  and  Dudley,  J.  P.  (1990) 
Negative  regulation  in  correct  tissue-specific  expression  of 
mouse  mammary  tumor  virus  in  transgenic  mice.  Mol  Cell.  Biol. 
10,  5822-5829 

24.  Kistner,  A.,  Manfred,  G.,  Zimmermann,  F,,  Jerecic,  J,,  Ullmer, 
C.,  Lubbert,  H.,  and  Bujard,  H.  (1996)  Doxycycline-mediated 
quantitative  and  tissue-specific  control  of  gene  expression 
in  transgenic  mice.  Proc.  Natl.  Acad.  Sci  USA  93,  10933- 
10938 

25.  Yeilding,  N.  M,,  Rehman,  M.  T.,  and  Lee,  W.  M.  (1996) 
Identification  of  sequences  in  c-myc  mRNA  that  regulate  its 
steady-state  levels.  Mol  Cell  Biol  16,  3511-3522 


DOXYCYCUNE-INDUCIBLE  TRANSGENIC  MOUSE  MODEL 


291 


26.  D’Cruz,  C.  M.,  Gunther,  E.  J.s  Boxer,  R.  B.,  Hartman,  J.  L., 
Sintasath,  L.,  Moody,  S.  E.,  Cox,  J.  D.,  Ha,S.  I.,  Belka,  G.  K., 
Golant,  A.,  Cardiff,  R.  D.,  and  Chodosh,  L.  A.  (2001)  c-MYC 
induces  mammary  tumorigenesis  by  means  of  a  preferred 
pathway  involving  spontaneous  Kras2  mutations.  Nat.  Med.  7, 
235-239 

27.  Rossant,  J.,  and  McMahon,  A.  (1999)  ‘Cre-ating  mouse  mu- 
tan  ts-a  meeting  review  on  conditional  mouse  genetics.  Genes 
Dev .  13,  142-145 

28.  Slamon,  D.  J.,  Clark,  G.  M.,  and  Wong,  S.  G.  (1987)  Hu¬ 
man  breast  cancer:  correlation  of  relapse  and  survival  with 
amplification  of  the  HER-2/««f  oncogene.  Science  235,  177- 
182 


29.  Varley,  J.  M.,  Swallow,  J.  E.,  Brammar,  W.  J.,  Whittaker,  J.  L.,  and 
Walker,  R.  A.  (1987)  Alterations  to  either  c-erbB-2(neu)  or 
c-myc  proto-oncogenes  in  breast  carcinomas  correlate  with  poor 
short-term  prognosis.  Oncogene  1 ,  423—430 

30.  Utomo,  A  R.,  Nikitin,  A  Y.,  and  Lee,  W.  H.  (1999)  Temporal, 
spatial,  and  cell  type-specific  control  of  Cre-mediated  DNA  recom¬ 
bination  in  transgenic  mice.  Nat.  BiotechnoL  17,  1091-1096 

31.  Hennighausen,  L.,  and  Furth,  P.  A.  (1999)  The  right  time  and 
place  for  molecular  scissors  [news].  Nat.  BiotechnoL  17,  1062- 
1063 

Received  for  publication  July  18,  2001. 

Revised  for  publication  November  26,  2001. 


292  Vol.  16  March  2002 


The  FASEB  Journal 


GUNTHER  ET  AL 


if)  ©2001  Nature  Publishing  Group  http://medicine.nature.com 


£|)  ©  2001  Nature  Publishing  Group  http://medic!ne.nature.c^ij^ 


TTfTFS 
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Although  the  process  of  mammary  tumorigenesis  requires  mul¬ 
tiple  genetic  events,  it  is  unclear  to  what  extent  carcinogenesis 
proceeds  through  preferred  secondary  pathways  following  a 
specific  initiating  oncogenic  event.  Similarly,  the  extent  to 
which  established  mammary  tumors  remain  dependent  on  indi¬ 
vidual  mutations  for  maintenance  of  the  transformed  state  is 
unknown.  Here  we  use  the  tetracycline  regulatory  system  to 
conditionally  express  the  human  c-MYC  oncogene  in  the  mam¬ 
mary  epithelium  of  transgenic  mice.  MYC  encodes  a  transcrip¬ 
tion  factor  implicated  in  multiple  human  cancers.  In  particular, 
amplification  and  overexpression  of  c-MYC  in  human  breast 
cancers  is  associated  with  poor  prognosis,  although  the  genetic 
mechanisms  by  which  c-MYC  promotes  tumor  progression  are 
poorly  understood1,2.  We  show  that  deregulated  c-MYC  expres¬ 
sion  in  this  inducible  system  results  in  the  formation  of  invasive 
mammary  adenocarcinomas,  many  of  which  fully  regress  follow¬ 
ing  c-MYC  deinduction.  Approximately  half  of  these  tumors  har¬ 
bor  spontaneous  activating  point  mutations  in  the  ras  family  of 
proto-oncogenes  with  a  strong  preference  for  Kras2  compared 
with  Hrasl.  Nearly  all  tumors  lacking  activating  ras  mutations 
fully  regressed  following  c-MYC  deinduction,  whereas  tumors 
bearing  ras  mutations  did  not,  suggesting  that  secondary  muta¬ 
tions  in  ras  contribute  to  tumor  progression.  These  findings 
demonstrate  that  c-MYC-induced  mammary  tumorigenesis  pro¬ 
ceeds  through  a  preferred  secondary  oncogenic  pathway  involv¬ 
ing  Kras2. 

We  mated  transgenic  mouse  lines  expressing  the  reverse  tetracy¬ 
cline-dependent  transcriptional  activator  (rtTA)  under  the  con¬ 
trol  of  the  mouse  mammary  tumor  virus  long  terminal  repeat 
(MMTV-LTR;  mouse  line  named  Tg(rtTA)llach  called  here  MTB), 
to  a  second  transgenic  line  containing  exons  2  and  3  of  human 
MYC  under  the  control  of  the  tetracycline-dependent  minimal 
promoter  (tetO;  mouse  line  designated  Tg(MYC)llach  called  here 
TOM)3-4.  Recent  analysis  of  female  MTB  mice  demonstrated  high 
levels  of  rtTA  mRNA  expression  in  the  mammary  gland  and  sali¬ 
vary  gland,  and  little  or  no  detectable  expression  in  other  tissues 
(E.  Gunther,  submitted  manuscript).  Administration  of  doxycy- 
cline  to  MTB/TOM,  MTB,  TOM  and  non-transgenic  littermates 
resulted  in  high  levels  of  MYC  transgene  expression  only  in 
MTB/TOM  bitransgenic  female  mice  (Fig.  la).  Mammary  tissue 
from  uninduced  bitransgenic  littermates  showed  no  transgene 
expression  indicating  that  this  system  is  tightly  regulated. 
Finally,  ornithine  decarboxylase  (Ode)  mRNA  levels  Increased 


2.2-fold  (Fig.  la),  and  growth  arrest  and  DNA-damage-inducible 
( Gadd45a i)  mRNA  levels  decreased  50%  (data  not  shown),  in  in¬ 
duced  bitransgenic  females  compared  with  uninduced  controls 
demonstrating  that  the  c-MYC  transgene  encodes  a  functional 
protein5"8. 

Morphological  analysis  showed  that  the  mammary  glands  of 
MTB/TOM  mice  induced  with  doxycycline  for  30  days  were  hy¬ 
perplastic  compared  with  either  unlnduced  MTB/TOM  or  in¬ 
duced  MTB  control  mice  (Fig.  16).  Consistent  with  this, 
immunohistochemistry  using  antibodies  specific  for  BrdU  re¬ 
vealed  a  greater  than  10-fold  increase  in  BrdU  incorporation  in 
the  mammary  epithelium  of  induced  bitransgenic  females  com¬ 
pared  with  control  mice  (P  <  0.001;  Fig  16).  Similarly,  TUNEL 
analysis  of  mammary  tissue  demonstrated  a  greater  than  10-fold 
increase  in  TUNEL-positive  epithelial  cells  in  induced  bitrans¬ 
genic  mice  compared  with  controls  (P  <  0.00 1 ;  Fig.  1 6) .  Together, 
these  data  indicate  that  c-MYC  overexpression  in  the  mammary 
epithelium  increases  both  proliferation  and  apoptosis. 

Compared  with  MTB/TOM  mice  induced  with  doxycycline  for 
30  days,  the  mammary  glands  of  bitransgenic  mice  induced  for  4 
months  displayed  more  severe  morphological  abnormalities,  in¬ 
cluding  focal  hyperplastic,  atypical  lobuloalveolar  growths  re¬ 
ferred  to  here  as  dysplasia  (Fig.  lc).  In  contrast,  uninduced 
bitransgenic  mice  maintained  normal  mammary  gland  mor¬ 
phology  (Fig.  lc)  indistinguishable  from  that  found  in  wild-type 
mice  (data  not  shown).  We  next  determined  whether  MYC  trans¬ 
gene  overexpression  is  required  for  the  maintenance  of  hyper¬ 
plastic  lesions  in  MTB/TOM  mice.  We  treated  bitransgenic  mice 
with  doxycycline  for  30  weeks  (chronically  induced)  and  exam¬ 
ined  non-tumor-bearing  glands  from  these  mice  1 2  weeks  after 
doxycycline  withdrawal.  Mammary  glands  from  chronically  in¬ 
duced  bitransgenic  mice  had  numerous  epithelial  hyperplasias 
and  dysplasias,  but  most  epithelial  ducts  from  de-induced  bi¬ 
transgenic  mice  were  histologically  normal,  indicating  that  hy¬ 
perplastic  and  dysplastic  mammary  lesions  that  develop  as  a 
consequence  of  transgene  overexpression  remain  dependent  on 
c-MYC  for  their  maintenance  (Fig.  Id). 

Consistent  with  the  histological  changes  observed  in  chroni¬ 
cally  induced  MTB/TOM  mice,  bitransgenic  females  developed 
mammary  tumors  with  high  penetrance  (86%,  n  =  57)  following 
an  average  of  22  weeks  of  induction  (Fig.  2a).  MTB  mice  chroni¬ 
cally  treated  with  doxycyline  (n  =  15),  as  well  as  untreated  MTB 
(n  =  20),  TOM  (n  =  18)  and  MTB/TOM  (n  =  10)  mice,  exhibited 
normal  histology  of  mammary  tissues  and  did  not  develop  tu- 
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Fig,  1  Chronic  induction  of  c-MYC  in  the 
mammary  epithelium  of  MTB/TOM  mice 
results  in  reversible  hyperplastic  lesions,  a, 
Inducible  transgene  expression  in 
MTB/TOM  females  is  tightly  regulated  and 
encodes  functional  c-MYC,  Duplicate 
northern  blots  containing  mammary  gland 
RNA  from  8-wk-old  female  nulliparous  FVB 
wild-type  mice  or  age-matched  mice  bear¬ 
ing  MTB,  TOM,  or  MTB/TOM  transgenes. 
Induced  mice  (Dox+)  were  administered 
doxycyciine  at  2  mg/mi  in  their  drinking 
water  for  30  d,  b,  Induced  MTB/TOM  mice 
have  elevated  levels  of  mammary  epithelial 
proliferation  and  apoptosis.  Representative 

mtd + Box  MTB/roM - Dox  MTB/roM + Dos:  BrdU  and  TUNEL  analyses  performed  on  mammary  sections  from  MTB  and 

MTB/TOM  females  induced  with  doxycyciine  for  30  d  and  from  an  unin¬ 
duced  MTB/TOM  female.  Magnification:  x300,  e.  Chronic  induction  of  c- 
MYC  transgene  expression  results  in  mammary  epithelial  hyperplasia  and 
dysplasia.  Representative  whole  mounts  (top  panels)  and  hematoxylin  and 
H&E  sections  (bottom  panels)  of  the  #4  mammary  gland  harvested  from 
chronically  induced  (4  mo  of  doxycyciine)  female  MTB  and  MTB/TOM  mice, 
and  from  an  uninduced  MTB/TOM  control.  Magnification:  x5  (whole 
mounts)  and  x140  (H&E).  d,  Representative  H&Es  and  whole  mounts  of 
mammary  glands  from  chronically  induced  MTB/TOM  mice  either  on  doxy¬ 
cyciine  (top  panels)  or  12  wk  following  doxycyciine  removal  (bottom  pan¬ 
els),  Results  represent  those  observed  in  19  mammary  glands  from  8  mice. 
Magnification:  x50  (whole  mount)  and  x300  (H&E), 


els  in  all  eight  non-regressing  tumors  following  doxycyciine 
withdrawal  (Fig.  3).  Concordantly,  expression  of  the  c-MYC  tran¬ 
scriptional  targets  fibrillarin  and  SAH-hydrolase  was  downregu- 
lated  to  basal  levels  following  doxycyline  withdrawal1'  (Fig.  3).  A 
third  c-MYC  target,  arginosuccinate  synthetase- 1,  was  downreg- 
ulated  in  6  of  8  tumor  samples  following  doxycyciine  with¬ 
drawal12.  These  findings  indicate  that  the  c-MYC  pathway  is 
downregulated  in  most,  If  not  all,  non-regressing  tumors  follow¬ 
ing  doxycyciine  withdrawal.  Endogeneous  c-MYC  expression 
mors.  Histological  analysis  of  tumors  from  MTB/TOM  females  levels  Increased  following  doxycyciine  withdrawal  but  were 
revealed  invasive  mammary  adenocarcinomas  similar  to  those  lower  than  Induced  levels  of  c-MYC  transgene  expression  (Fig, 
previously  described  in  MMTV-Myc  transgenic  mice910  (Fig.  2a).  3).  As  c-MYC  represses  its  own  transcription12,  upregulation  of 

To  determine  whether  c-MYC  overexpression  is  required  for  the  endogenous  Myc  in  this  context  is  consistent  with  the  overall  de¬ 
maintenance  of  mammary  adenocarcinomas,  we  withdrew  doxy-  creased  activation  of  the  c-MYC  pathway  (Fig,  3),  These  data  In- 
cycline  from  chronically  induced,  tumor-bearing  MTB/TOM  mice,  dicate  that  the  failure  of  tumors  to  regress  following  doxycyciine 
In  a  subset  of  tumors,  doxycyciine  withdrawal  resulted  in  the  withdrawal  does  not  result  from  failure  of  MYC  transgene  down- 
rapid  regression  and  clinical  disappearance  of  invasive  mammary  regulation,  or  from  compensatory  upregulation  of  the  endoge- 
adenocarcinomas  (median  time  to  disappearance  was  14  d)  indi-  nous  c-MYC  pathway, 

eating  that  maintenance  of  these  tumors  is  dependent  on  MYC  The  long  latency  period  and  stochastic  formation  of  tumors  in 
transgene  overexpression  (Fig.  Zb).  In  contrast,  other  tumors  con-  MTB/TOM  mice  indicated  that  additional  mutations  were  likely 
tinued  to  grow  following  doxycyline  withdrawal  or  decreased  in  to  be  required  for  tumorigenesis.  As  forced  co-overexpression  of 
size  to  a  variable  extent  and  then  resumed  growth.  Hrasl  and  Myc  in  the  mammary  glands  of  transgenic  mice  has 

The  fact  that  a  subset  of  c-MYC-induced  tumors  grow  in  the  been  shown  to  accelerate  mammary  tumorigenesis1314,  we  exam- 
absence  of  doxycyciine  indicates  that  additional  genetic  alter-  ined  c-MYC-induced  mammary  tumors  for  spontaneous  Hrasl 
ations  have  occurred  that  permit  growth  in  the  absence  of  mutations.  Exons  1  and  2  of  Hrasl  were  amplified  and  sequenced 
c-MYC  overexpression.  Alternatively,  the  doxycycline-indepen-  from  mammary  tumors  arising  in  MTB/TOM  mice.  We  detected 
dent  growth  of  such  tumors  could  be  due  either  to  doxycyciine-  no  mutations  in  Hrasl  among  47  tumors.  Since  the  ras  family 
independent  induction  of  the  MYC  transgene  or  to  members,  Kras  and  Mas,  are  also  mutated  in  human  cancers,  we 
compensatory  activation  of  e-Myc  transcriptional  targets  by  en-  examined  these  genes  for  activating  point  mutations.  We  found 
dogenous  c-Myc.  To  investigate  this,  we  compared  gene  expres-  that  49%  (23/47)  of  tumors  harbor  activating  point  mutations  in 
sion  levels  for  the  MYC  transgene,  endogenous  c-Myc  and  either  codons  12  or  6 1  of  Kras2  or  Mas  (Kras2  versus  Hrasl,  P  =  1 
c-MYC  transcriptional  targets  in  non-regressing  tumors  before  x  10"6;  Mas  versus  Hrasl,  P  =  0.012),  Approximately  three  quar- 
and  after  doxycyciine  withdrawal  (Fig,  3),  This  analysis  revealed  ters  of  ras  mutations  occurred  in  Kras2  (17/23),  with  the  remain- 
that  MYC  transgene  expression  was  reduced  to  undetectable  lev-  der  occurring  in  Nras  (6/23)  ( Kras2  versus  Nras,  P  =  0,008) ,  We 
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®  Fig.  2  MYC  transgene  expression  is  required  for  maintenance  of  estab- 
'o  lished  mammary  tumors,  a,  Chronic  induction  of  MKCtransgene  expression 
results  in  mammary  adenocarcinomas.  H&E  sections  of  tumors  from 
E  M MTV- Myc  and  induced  MTB/TOM  mice.  Magnification:  x500.  b,  Graph 
showing  representative  tumor  regression  patterns  following  transgene 
deinduction  in  three  independent  chronically  induced  MTB/TOM  females 


(0,A  and  <>)•  A  control  tumor  (♦)  from  a  mouse  maintained  continuously 
on  doxycycline  is  shown.  One  tumor  (O)  underwent  full  regression  to  a  clin¬ 
ically  undetectable  state  25  d  after  doxycycline  removal.  A  second  tumor 
partially  regressed  during  the  first  10  d  after  doxycycline  withdrawal, 
plateaued  (A)  then  resumed  growth.  Growth  of  a  third  tumor  (O)  showed 
essentially  no  regression. 


detected  no  mutations  in  Kras2,  Hrasl  or  Mas  in  hyperplastic 
mammary  glands  from  MTB/TOM  mice  induced  with  doxycy¬ 
cline  for  up  to  60  days  (n  =  9)  or  in  mammary  glands  from  wild- 
type  mice  (n  =  5). 

To  confirm  these  results,  we  examined  mammary  adenocarci¬ 
nomas  arising  in  MMTV-Myc  transgenic  mice  for  mutations  in 
ras  family  members.  This  analysis  revealed  that  44%  (8/18)  of 
Myc-induced  tumors  harbored  detectable  Kras2  mutations  in 
codons  12  or  61,  whereas  we  saw  no  mutations  in  Hrasl  or  Nras 
( Kras2  versus  Hrasl  and  Kras2  versus  Mas,  P  <  0.001).  Thus, 
analysis  of  two  independent  mouse  models  for  c-MYC-induced 
carcinogenesis  strongly  indicates  that  deregulated  expression  of 
c-MYC  in  the  mammary  gland  selects  for  spontaneous  activation 
of  the  ras  pathway  in  vivo. 

To  investigate  whether  tumor  regression  in  this  model  system 
is  affected  by  the  presence  of  ras-activating  mutations,  we  deter¬ 
mined  the  extent  of  tumor  regression  in  a  panel  of  24  primary 
mammary  adenocarcinomas,  15  of  which  had  detectable  ras  mu¬ 
tations  and  9  of  which  did  not.  We  observed  complete  regression 
to  a  clinically  undetectable  state  in  7  of  9  tumors  lacking  de¬ 
tectable  ras  mutations,  but  not  in  any  of  the  15  tumors  bearing 
ras  mutations  (%-square,  P  =  0.0005).  Three  tumors  bearing  ras 
mutations  showed  essentially  no  regression,  whereas  the  re¬ 
maining  twelve  tumors  bearing  ras  mutations  ex¬ 
hibited  partial  regression,  reached  a  plateau  and 
then  resumed  growth.  Two  tumors  lacking  ras  mu¬ 
tations  did  not  regress  fully.  This  might  be  due  to 
failure  to  detect  existing  ras  mutations  as  a  result 
of  heterogeneity  within  the  tumor,  to  activation  of 
the  ras  pathway  by  other  mechanisms  or  to  alter- 


Fig.  3  Non-regressing  tumors  downregulate  c-Myc 
pathways.  Duplicate  nothern  blots  containing  either 
mammary  tissue  from  doxycycline-induced  or  uninduced 
MTB/TOM  mice  or  tumor  tissue  from  doxycycline-in¬ 
duced  or  de-induced  mice  as  indicated.  Tissue  from  eight 
independent  non-regressing  tumors  was  collected  before 
transgene  de-induction  by  biopsy  of  actively  growing  tu¬ 
mors  in  mice  on  doxycycline  (+),  or  in  non-regressing  tu¬ 
mors  following  doxycycline  withdrawal  (--), 


ations  in  other  pathways.  As  the  failure  of  MYC-induced  tumors 
to  regress  following  doxycycline  withdrawal  was  not  due  to  com¬ 
pensatory  activation  of  c-MYC  transcriptional  targets  by  endoge¬ 
nous  c-Myc,  these  data  indicate  that  ras  activation  may  abrogate 
tumor  dependence  on  c-MYC  overexpression  for  growth. 

Here  we  have  shown  that  deregulated  expression  of  c-MYC  in 
the  mammary  gland  strongly  selects  for  spontaneous  activation 
of  the  ras  pathway  In  vivo  and  that  these  activating  mutations  ac¬ 
company  the  progression  of  tumors  to  a  state  that  is  no  longer 
dependent  on  c-MYC  for  growth.  This  finding  is  the  first  exam¬ 
ple  of  spontaneous,  recurrent  activating  mutations  in  a  trans¬ 
genic  model  for  carcinogenesis.  Inducible  expression  of  c-MYC 
or  BCR-ABL  in  lymphoid  tissues  and  of  activated  Hrasl  in 
melanocytes  has  been  shown  to  result  in  tumors  in  transgenic 
mice,  that  are  capable  of  regression  when  transgene  expression  is 
abrogated15'17.  In  contrast,  reversible  effects  of  oncogenes  in  ep¬ 
ithelial  cells  in  vivo  have  been  described  only  in  hyperplasias  of 
the  skin  and  salivary  gland1819.  Long-term  expression  of  T  anti¬ 
gen  in  the  salivary  gland  eventually  results  in  hyperplasias  that 
are  not  reversible,  although  the  nature  of  the  genetic  changes  re¬ 
sponsible  for  this  altered  behavior  is  unclear19.  We  now  extend 
these  findings  by  showing  that  reversal  of  a  single  genetic  lesion 
can  be  sufficient  to  reverse  a  common  epithelial  malignancy  in 
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the  vast  majority  of  cells,  and  by  identifying  a  specific  secondary 
mutation  that  accompanies  the  progression  of  tumors  to  a  state 
independent  of  the  initiating  oncogenic  stimulus. 

The  observation  that  coexpression  of  e-MYC  and  Hrasl  can  ac¬ 
celerate  malignant  transformation  in  vitro  and  in  vivo  constituted 
an  early  demonstration  of  synergy  between  oncogenic  path¬ 
ways9 13-20.  However,  although  these  studies  proved  that  the  syner¬ 
gistic  action  of  c-MYC  and  activated  Hrasl  is  sufficient  to 
accelerate  the  process  of  neoplasia,  they  did  not  address  the  ques¬ 
tion  of  whether  the  coexistence  of  such  mutations  represents  a 
preferred  pathway  for  tumorigenesis  in  vivo.  Our  finding  that 
deregulated  expression  of  c-MYC  in  the  mammary  gland  strongly 
selects  for  spontaneous  activating  mutations  in  ras  family  mem¬ 
bers  demonstrates  that  in  the  setting  of  a  particular  primary  onco¬ 
genic  stimulus,  mammary  tumorigenesis  proceeds  by  the 
preferential  activation  of  specific  secondary  oncogenic  pathways. 

The  degree  of  specificity  described  here  for  the  occurrence  of 
spontaneous  mutations  in  Kras2  and  Nras,  as  compared  with 
Hrasl,  was  unexpected  given  the  previously  demonstrated  syn¬ 
ergy  between  Hrasl  and  c-MYC  in  mammary  tumorigenesis  in 
transgenic  mice,  and  given  the  high  degree  of  structural  and  func¬ 
tional  homology  among  the  proteins  encoded  by  these  genes.  Our 
observations  indicate  that  in  the  context  of  c-MYC  overexpression 
in  the  mammary  gland,  activating  mutations  in  Hrasl  and  Kras2 
might  not  be  functionally  equivalent.  This  conclusion  is  consis¬ 
tent  with  the  observation  that  particular  ras  family  members  are 
preferentially  mutated  in  different  types  of  human  cancer,  and  by 
the  recent  demonstration  of  differences  in  the  transcriptional  tar¬ 
gets  of  these  genes2122.  Alternately,  the  specificity  observed  for 
Kras2  mutation  may  reflect  higher  levels  of  Kras2  expression  in 
the  mammary  gland  compared  to  Hrasl  and  Nras.  Notably,  acti¬ 
vating  mutations  in  Kras2  have  been  reported  in  human  primary 
breast  cancers,  though  infrequently23.  Potential  explanations  for 
the  low  level  of  ras  mutations  observed  in  human  breast  cancers 
are  that  the  ras  pathway  is  activated  by  other  mechanisms  or  that 
such  mutations  are  restricted  to  a  particular  subset  of  tumors.  As 
such,  our  data  indicate  that  it  will  be  important  to  determine 
whether  Kras2  or  Nras  mutations  are  more  common  in  breast  can¬ 
cers  that  have  amplified  the  MYC  locus. 

Full  regression  of  mammary  adenocarcinomas  in  MTB/TOM 
mice  strongly  correlated  with  the  absence  of  detectable  ras  muta¬ 
tions.  This  indicates  that  therapeutic  targeting  of  c-MYC  may  be 
an  effective  treatment  approach  only  for  c-MYC-induced  breast 
cancers  in  which  the  ras  pathway  has  not  been  activated. 
However,  as  in  other  inducible  transgenic  model  systems,  a  frac¬ 
tion  of  the  c-MYC-induced  tumors  in  our  model  system  that  had 
fully  regressed  following  transgene  de-induction  recurred  after 
several  weeks  or  months.  This  indicates  that  tumor  heterogene¬ 
ity  might  permit  the  emergence  of  neoplastic  cells  that  are  no 
longer  dependent  upon  the  c-MYC  transgene  for  growth.  Our 
observations  that  c-MYC  overexpression  selects  for  spontaneous 
mutations  in  ras  family  members  in  vivo,  and  that  ras  mutations 
accompany  tumor  progression  to  a  transgene-independent  state, 
suggest  that  identifying  specific  sets  of  preferentially  associated 
oncogenic  mutations  will  facilitate  targeting  of  the  multiple  syn¬ 
ergistic  pathways  that  contribute  to  neoplastic  growth. 

Methods 

Transgenic  mice.  We  generated  the  pMMTV-rtTA  expression  vector  by 
cloning  the  1.1  kb  fccRI/SamH!  fragment  encoding  rtTA  from  pUHD172- 
Ineo  (ref.  3)  into  pBS-MMTV-pA,  which  consists  of  a  plasmid  BlueScript 
backbone  (Stratagene,  La  Jolla,  California),  the  MMTV-LTR  upstream  of  the 


Hrasl  leader  sequence  and  a  multiple  cloning  site  directly  upstream  of  the 
SV40  splice  site  and  polyadenylation  signal  (E.J.  Gunther,  submitted).  The 
pTetO-MYC  expression  vector  was  generated  by  cloning  exons  2  and  3  of 
human  MYC  from  pSV7Humyc  (ref.  4)  into  pTet-Splice  (Gibco  BRL,  Life 
Technologies,  Rockville,  Maryland).  For  each  construct,  founder  lines  were 
generated  by  injecting  linearized  plasmid  DNA  into  fertilized  oocytes  col¬ 
lected  from  superovutated  FVB  mice.  Transgenic  mice  and  littermate  con¬ 
trols  were  administered  doxycyline  (0.5-2.0  mg/m!)  in  their  drinking  water. 
Mice  were  monitored  twice  per  week  for  tumor  formation.  Calipers  were 
used  to  measure  tumor  area  in  two  dimensions.  Mice  bearing  tumors  were 
biopsied  to  obtain  tumor  tissue  before  doxycycline  withdrawal.  After  ap¬ 
proximately  1  wk,  doxycycline  was  withdrawn  from  the  drinking  water  of 
biopsied  mice  and  tumors  were  monitored  for  regression  behavior.  First- 
strand  cDNA  was  prepared  from  tumor  material  collected  at  biopsy  and 
exons  1  and  2  of  Hrasl,  Kras2  and  Nras  were  amplified  by  PCR  and  se¬ 
quenced  to  detect  point  mutations. 

Northern-biot  hybridization.  We  performed  total  RNA  isolation  and 
northern  hybridization  as  described24  using  3  pg  of  total  RNA  from  snap- 
frozen  tumors  or  mammary  tissue  from  which  the  lymph  node  in  the  num¬ 
ber  four  mammary  gland  had  been  removed.  Blots  were  hybridized  with 
cDNA  probes  for  a  360  bp  fragment  of  rtTA  (nt  1 441-1 800),  exons  2  and  3 
of  human  MYC,  ODC  (nt  725-1204),  FBL  (nt  39-540;  encoding  fibriliarin), 
SAHH  (nt  249-801 ),  ASS  (nt  45-91 8),  exon  1  of  mouse  Myc,  or  Actb.  c-MYC 
transgene  and  endogenous  MYC  were  detected  using  probes  of  approxi¬ 
mately  equal  specific  activity  to  facilitate  comparison  of  expression  levels. 

Immunohistochemistry.  We  injected  mice  with  1  mg  BrdU  per  20  g  body 
weight  2  h  before  killing.  Mammary  gland  #4  was  removed  and  fixed 
overnight  in  neutral  buffered  formalin,  transferred  to  70%  ethanol  and  em¬ 
bedded  in  paraffin.  5  pm  sections  on  ProbeOn  Plus  (Fisher  Pittsburgh, 
Pennsylvania)  slides  were  dewaxed  in  Xylene,  then  sequentially  rehydrated 
in  100%,  95%,  and  70%  ethanol,  followed  by  PBS,  Sections  were  pre¬ 
treated  in  2  M  HCI  for  20  min  at  room  temperature,  washed  in  0.1  M  Borate 
buffer  pH  8.5  x  2,  and  rinsed  in  PBS.  BrdU  immunohistochemistry  was  per¬ 
formed  using  the  Vectastain  Elite  ABC  Kit  (Vector,  Burlingame,  California), 
rat  IgG  antibody  against  BrdU  (Accurate  Lab,  Westbury,  New  York)  and  a 
secondary  biotinylated  rabbit  antibody  against  rat  IgG  according  to  manu¬ 
facturer's  instructions.  Sections  were  counterstained  for  10  min  in  0.5% 
(w/v)  methyl  green  in  1.0  M  NaOAc,  pH  4.0. 

TUNEL  Analysis.  We  performed  TUNEL  analysis  using  the  Apoptag 
Peroxidase  Kit  (Intergen,  Purchase,  New  York)  according  to  the  manufac¬ 
turer's  instructions.  Sections  were  pretreated  in  Proteinase  K  (20  pg/ml)  for 
15  min  at  room  temperature,  washed  in  de-ionized  water  twice  for  2  min 
each,  incubated  in  equilibration  buffer,  then  incubated  at  37  °C  for  1  h  with 
a  1 : 1 0  dilution  of  TdT  enzyme  in  1  x  reaction  buffer.  Reactions  were  termi¬ 
nated,  developed  using  anti-digoxigenin-alkaline  phosphatase  Fab  frag¬ 
ments  (Roche)  and  nitroblue  tetrazolium  chloride  per  manufacturer's 
instructions,  and  counterstained  in  methyl  green.  Images  from  BrdU  and 
TUNEL  sections  were  captured  digitally  and  areas  of  positively  stained  and 
unstained  nuclei  were  quantitated  by  color  segmentation  analysis  using 
Image-Pro  Plus  software  (Media  Cybernetics,  Silver  Spring,  Maryland). 
Quantitative  analysis  was  performed  on  4-8  fields  per  section  consisting  of 
approximately  2,500-10,000  cells. 

Whole  mounts.  We  spread  #4  mammary  glands  on  glass  slides  and  fixed 
for  24  h  in  10%  neutral  buffered  formalin.  Glands  were  placed  in  70% 
ethanol  for  1 5  min  followed  by  1 5  min  in  deionized  water  before  staining  in 
0.05%  carmine/0.12%  aluminum  potassium  sulfate  for  24-48  h.  Glands 
were  dehydrated  sequentially  in  70%,  90%  and  100%  ethanol  for  10  min 
each  and  then  cleared  in  toluene  or  methyl  salicylate  overnight.  For  histo¬ 
logical  analysis,  mammary  glands  were  fixed  as  above  and  transferred  to 
70%  ethanol  prior  to  paraffin  embedding.  5  pm  sections  were  cut  and 
stained  with  hematoxylin  and  eosin. 

Acknowledgments 

We  thank  S,  Master  for  contributions  to  statistical  analysis  and  C.  Sarkisian,  D, 
Stairs  and  LJ.  Huber  for  helpful  comments  on  the  manuscript.  This  work  was 


238 


NATURE  MEDICINE  •  VOLUME  7  •  NUMBER  2  •  FEBRUARY  2001 


m  ©  2001  Nature  Publishing  Group  http://medicine.nature.com 


* 


tl) 


©  2001  Nature  Publishing  Group  http://medicine.nature. 


XItticles 


supported  by  grants  from  the  Susan  G.  Komen  Breast  Cancer  Foundation,  the 

Concert  for  the  Cure,  the  National  Cancer  institute,  the  WISE  Study,  and  the 

U,S,  Army  Breast  Cancer  Research  Program. 

RECEIVED  1 2  JULY;  ACCEPTED  8  DECEMBER  2000 

1.  Guerin,  M„  Barrois,  M„  Terrier,  M.J.,  Spielmann,  M.  &  Riou,  G.  Overexpression  of 
either  c-myc  or  c-erbB-2/neu  proto-oncogenes  in  human  breast  carcinomas:  corre¬ 
lation  with  poor  prognosis.  Oncogene  Res.  3, 21-31  (1988). 

2.  Varley,  J.M.,  Swallow,  J.E.,  Brammar,  W.J.,  Whittaker,  J.L  &  Walker,  R.A.  Alterations 
to  either  c-erbB-2(neu)  or  c-myc  proto-oncogenes  in  breast  carcinomas  correlate 
with  poor  short-term  prognosis.  Oncogene  1, 423-430  (1987). 

3.  Gossen,  M.  et  al.  Transcriptional  activation  by  tetracyclines  in  mammalian  cells. 
Science  268, 1766-1769  (1995), 

4.  Murphy,  W.  et  al,  A  translocated  human  c-myc  oncogene  is  altered  in  a  conserved 
coding  sequence.  Proc.  Natl.  Acad.  Sci.  USA  83,  2939-2943  (1 986). 

5.  Marhin,  W.W„  Chen,  S„  Facchini,  l,M„  Fornace.  A.J.,  Jr.  &  Penn,  L.Z.  Myc  represses 
the  growth  arrest  gene  gadd45.  Oncogene  14,  2825-2834  (1997). 

6.  Wagner,  A.J„  Meyers,  C„  taimlns,  LA.  &  Hay,  N.  c-myc  induces  the  expression  and 
activity  of  ornithine  decarboxylase.  Cell  Growth  Differ.  4,  879-883  (1993). 

7.  Pena,  A.  et  al.  Regulation  of  human  ornithine  decarboxylase  expression  by  the  c- 
Myc.Max  protein  complex,  J.  Biol.  Chem.  268,  27277-27285  (1993). 

8.  Bello-Fernandez,  G„  Packham,  G.  &  Cleveland,  J.L.  The  ornithine  decarboxylase 
gene  is  a  transcriptional  target  of  c-Myc.  Proc.  Natl.  Acad.  Sci.  USA  90,  7804-7808 
(1993). 

9.  leder,  A„  Pattengale,  P.K.,  Kuo,  A.,  Stewart  T.A.  &  Leder,  P.  Consequences  of 
widespread  deregulation  of  the  c-myc  gene  in  transgenic  mice:  multiple  neoplasms 
and  normal  development.  Cell  45, 485-495  (1986). 

10.  Cardiff,  R,D„  Sinn,  E„  Muller,  W.  &  Leder,  P.  Transgenic  oncogene  mice.  Tumor 
phenotype  predicts  genotype.  Am.  1.  Pathol.  139,  495-501  (1991). 

11.  Colter,  H.A.  et  al.  Expression  analysis  with  oligonucleotide  microarrays  reveals  that 


MYC  regulates  genes  involved  In  growth,  cell  cycle,  signaling,  and  adhesion.  Proc.  Natl. 
Acad.  Sci.  USA  97, 3260-3265  (2000), 

12.  Nishikura,  K.  &  Murray,  J.M,  The  mechanism  of  inactivation  of  the  normal  c-myc 
gene  locus  in  human  Burkitt  lymphoma  cells.  Oncogene  2,493-498(1988), 

1 3.  Sinn,  E.  et  at.  Coexpression  of  MMTWv-Ha-ras  and  MMTWc-myc  genes  in  transgenic 
mice:  synergistic  action  of  oncogenes  in  vivo.  Cell  AS.  465-475  (1987). 

1 4.  Andres,  A.C.  et  al,  Ha-ras  and  c-myc  oncogene  expression  interferes  with  morpholog¬ 
ical  and  functional  differentiation  of  mammary  epithelial  cells  in  single  and  double 
transgenic  mice.  Genes  Dev.  2, 1486-1495(1988). 

15.  Chin,  L.  et  al.  Essential  role  for  oncogenic  ras  in  tumour  maintenance.  Nature  400, 
468-472(1999), 

16.  Felsher.  D.W,  &  Bishop,  1,M,  Reversible  tumorigenesis  by  MYC  in  hematopoietic  lin¬ 
eages,  Mol.  Cell  A,  199-207  (1999). 

17.  Huettner,  C.S.,  Zhang,  P„  Van  Etten,  R.A,  &  Tenen,  D,G,  Reversibility  of  acute  B-cell 
leukaemia  induced  by  BCR-AB11.  Nature  Genet.  24, 57-60  (2000), 

18.  Pelengaris,  S„  Littlewood,  T„  Khan,  M„  Elia,  G.  &  Evan,  G,  Reversible  activation  of  c- 
Myc  in  skin:  induction  of  a  complex  neoplastic  phenotype  by  a  single  oncogenic  le¬ 
sion.  Mol.  Cell  3, 565-577  (1999). 

19.  Ewald,  D.  et  al.  Time-sensitive  reversal  of  hyperplasia  in  transgenic  mice  expressing 
SV40T  antigen.  Science  273, 1384-1386  (1996), 

20.  Land,  H„  Parada,  L.F.  &  Weinberg,  R.A,  Tumorigenic  conversion  of  primary  embryo 
fibroblasts  requires  at  least  two  cooperating  oncogenes.  Nature  304,  596-602 
(1983). 

21.  Bos,  J.L.  ras  oncogenes  in  human  cancer:  a  review.  Cancer  Res.  49,  4682-4689 
(1989):  erratum:  50, 1352  (1990), 

22.  Zuber,  J.  et  al.  A  genome-wide  survey  of  ras  transformation  targets.  Nature  Genet.  24, 
144-152  (2000). 

23.  Miyakis,  S„  Sourvinos,  G,  &  Spandidos,  DA  Differential  expression  and  mutation  of 
the  ras  family  genes  in  human  breast  cancer,  Biochem.  Biophys.  Res.  Commun.  251, 
609-612  (1998). 

24.  Marquis,  S.T.  et  al.  The  developmental  pattern  of  Brcal  expression  Implies  a  role  in 
differentiation  of  the  breast  and  other  tissues.  Nature  Genet.  11, 17-26  (1995). 


NATURE  MEDICINE  •  VOLUME  7  *  NUMBER  2  «  FEBRUARY  2001 


239 


